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Interactions fonctionnelles entre voies signalétiques intrinsèques et voie des 
hormones thyroïdiennes dans les cellules souches et progéniteurs de 

l'épithélium intestinal 
 
Résumé 
 

Les hormones thyroïdiennes (HTs) contrôlent plusieurs aspects du développement et de 
l’homéostasie intestinale. Elles agissent via des récepteurs nucléaires (TRs), facteurs de 
transcription modulés par la T3. Le paradigme est la métamorphose des amphibiens où elles 
sont responsables du remodelage du tube digestif et de l’émergence des cellules souches. Des 
études précédentes ont montré que les HTs jouent un rôle fondamental en régulant la balance 
entre prolifération et différenciation des précurseurs épithéliaux murins. Du point de vue 
moléculaire, le récepteur nucléaire TRα1 contrôle plusieurs gènes du cycle 
cellulaire/prolifération ainsi que les voies de signalisation Wnt et Notch. En accord avec ces 
fonctions, l’expression ciblée de TRα1 dans l’épithélium intestinal (souris vil-TRα1) est 
suffisante pour induire des cryptes aberrantes, hyper-prolifératives et confère une sensibilité 
accrue au programme de tumorigénèse intestinale dépendant de la mutation dans le gène Apc 
(vil-TRα1/Apc+/1638N). Durant ma thèse, j’ai étudié le contrôle des cellules souches 
intestinales, dépendant des HTs/TRs. En effet, j’ai utilisé des souris Lgr5-EGFP-CreERT2 
permettant de traquer, trier et cibler les cellules souches que j’ai croisées avec le modèle 
murin inductible au tamoxifène TRα1-LOF (Loss-of-function). J’ai étudié les effets de 
l’altération de la voie HTs/TRα1 in vivo et dans des organoïdes intestinaux (ex vivo). J’ai pu 
montrer que les HTs et la modulation de l’expression ou de l’activité de TRα1 affectent 
rapidement et fortement les cellules souches intestinales. Ce travail ouvre de nouvelles 
perspectives dans l’étude des signaux dépendants des HTs/ TRα1 dans la physiopathologie 
des cellules souches intestinales. 
 

Mots clés: Épithélium intestinal, cellules souches, hormones thyroïdiennes, organoïdes 
 
 
Summary  
 

Thyroid hormones (THs) control several aspects of gut development and homeostasis. 
They act through the thyroid hormone nuclear receptors (TRs) that are T3-modulated 
transcription factors. The paradigm is the amphibian metamorphosis, where they are 
responsible for gut remodeling and emergence of the stem cells. In previous studies we 
showed that THs play a fundamental role in regulating the balance between cell proliferation 
and cell differentiation of the murine intestinal epithelial precursors. From a molecular point 
of view the nuclear receptor TRα1 controls several proliferation/cell-cycle genes as well as 
the Wnt and Notch. In accordance with these functions, targeted expression of TRα1 in the 
intestinal epithelium (vil-TRα1 mice) is sufficient to induce aberrant and hyper-proliferative 
crypts and confers increased susceptibility to Apc-mutation dependent intestinal tumorigenic 
program (vil-TRα1/Apc+/1638N mice). During my PhD, I studied TH- and TRα1-dependent 
control of intestinal stem cells. Indeed, I used the Lgr5-EGFP-CreERT2 mice enable tracking, 
sorting and targeting the stem cells crossed with tamoxifen inducible TRα1 loss-of-function 
mouse model (TRα1-LOF). I studied the effect of TH/TRα1 alteration in vivo and in 
intestinal organoids (ex vivo). My results indicate that HTs and modulating TRα1 expression 
or activity have a rapid and strong effect on the intestinal stem cells. This work opens a new 
perspective in the study of TH/TRα1-dependent signal on the physiopathology of the 
intestinal stem cells.  
 

Keywords: Intestinal epithelium, stem cells, thyroid hormones, organoids  
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Abstract

Background. Thyroid hormones (THs) control several aspects of gut development and 
homeostasis. They act through the thyroid hormone nuclear receptors TRs, that are T3-
modulated transcription factors. The paradigm is the amphibian metamorphosis, where they 
are responsible for gut remodeling and emergence of the stem cells. In previous studies we 
showed that THs play a fundamental role in regulating the balance between cell proliferation 
and cell differentiation of the murine intestinal epithelial precursors. From a molecular point 
of view the nuclear receptor TRα1 controls several proliferation/cell-cycle genes as well as 
the Wnt and Notch pathways. In accordance with these functions, targeted expression of 
TRα1 in the intestinal epithelium (vil-TRα1 mice) is sufficient to induce aberrant and hyper-
proliferative crypts and confers increased susceptibility to Apc-mutation dependent intestinal 
tumorigenic program (vil-TRα1/Apc+/1638N mice). 

The aim of this work was to study TH- and TRα1-dependent control of intestinal stem cells. 
Indeed, we used the Lgr5-EGFP-CreERT2 mice enable tracking, sorting and targeting the 
stem cells crossed with tamoxifen inducible TRα1 loss-of-function mouse model (TRα1-
LOF). I studied the effect of TH/TRα1 alteration in vivo and in organoids ex vivo.

Results. Induction of TRα1-LOF altered stem cell activity, lowering ex vivo organoids 
development. In addition, TRα1-LOF decreased Wnt and Notch pathways as well as stem cell 
and proliferation markers expression. Treatment of WT organoids with the hormone T3 
induced a rapid and complex response. In fact, short-term T3 treatment had a positive action 
on stem cell activity. However, due to the accelerated turnover, several days of continuous T3 
treatment provoked stem cell exhaustion and massive differentiation toward secretory cell 
lineages. A comparative molecular profiling of T3-treated versus untreated organoids, 
performed before the onset of the stem cell exhaustion phenotype, indicated an enrichment in 
progenitor as well as stress response and metabolic gene signatures. As the T3 phenotype is 
completely abolished in the TRα1-LOF model, we conclude that the action of T3 in the 
intestinal stem and progenitor cells is mainly dependent upon the TRα1 nuclear receptor. 

In conclusion, our results indicate that T3 treatment or modulating TRα1 expression or 
activity has a rapid and strong effect on the intestinal stem cells. Therefore, this work opens a 
new perspective in the study of TH/TRα1-dependent signal on the physiopathology of the 
intestinal stem cells.



Introduction

The intestinal epithelium is structurally and functionally organized in a monostratified cell 

layer that along a vertical axis defines the crypts of Lieberkhün and the villi (van der Flier & 

Clevers, 2009). At the bottom of the crypts are located self-renewing multipotent stem cells 

(SCs) and their rapidly amplifying daughter cells (Barker, 2014; Umar, 2010). The 

progenitors differentiate during their migration to the apex of villi and acquire their complete 

differentiation program toward secretory and absorptive cells (Noah et al, 2011). This 

regulation is tightly controlled given that the entire intestinal epithelium renewal takes up to 

4-5 days in mammals (van der Flier & Clevers, 2009). The balance between SC self-renewal, 

progenitor proliferation and differentiation commitment in the crypts depend on the cross-

regulation among several signaling pathways including Wnt, Hedgehog, Notch, BMP, and 

thyroid hormones (THs) (Frau et al, 2017; Spit et al, 2018). In particular, Wnt and Notch 

activities are necessary for the maintenance of stem identity while their unbalance is a key 

determinant of cell differentiation engagement (Tian et al, 2015; van Es et al, 2005). In fact, 

progenitors displaying an activated Wnt are committed toward secretory lineages while Notch 

activation is specific for absorptive commitment (Sancho et al, 2015; VanDussen et al, 2012; 

Yang et al, 2001).

Interestingly, our previous work demonstrated a key involvement of the signal dependent 

upon the thyroid hormones (T3 and T4) and of their nuclear receptor TRα1 in intestinal 

development and homeostasis, through the control of the Wnt and Notch activities (Kress et 

al, 2009; Kress et al, 2010; Sirakov et al, 2015). TRα1 is encoded by the Thra gene and it is

the only bona fide T3 receptor transcribed by this gene, as it is able to bind both T3 and DNA

(Brent, 2012). From a molecular point of view, TRs modulate the expression of target genes 

by binding to thyroid hormone response elements (TRE) present in regulatory regions of 

direct target genes. Upon T3 binding, TRs undergo to a conformational change enabling the 



activation or the repression of the transcriptional machinery (Brent, 2012). TRα1 is

specifically expressed in the intestinal crypt cells (Kress et al, 2009; Kress et al, 2010) where 

it acts as direct activator of Wnt (Kress et al, 2009; Plateroti et al, 2006) and Notch pathways 

(Sirakov et al, 2015) as well as of cell proliferation (Kress et al, 2009; Kress et al, 2010; 

Uchuya-Castillo et al, 2018), in agreement with the phenotype described in TRα-knockout 

animals or in TRα1-overexpressing mice (Kress et al, 2009; Kress et al, 2010; Plateroti et al, 

2001; Plateroti et al, 2006). The TRβ1 receptor, encoded by the Thrb gene, presents an 

expression profile restricted to the differentiated epithelial cells of the villi (Sirakov et al, 

2014) and no overt function for this protein has been described in the intestine (Plateroti et al, 

1999).

Even if a large literature described the major involvement of THs on intestinal postnatal 

development during amphibian metamorphosis and in stem cell emergence (Frau et al, 2017; 

Ishizuya-Oka et al, 2009; Shi et al, 2011), no specific studies have been performed in 

mammals. In our study, we took advantage of the Lgr5-EGFP-IRES-CreERT2 mouse model 

(Barker et al, 2007) to specifically study the SC compartment and its response to T3-

dependent signalling in ex vivo 3D organoids and in animals in vivo. Treatment of WT 

organoids with T3 induced a precocious and very complex response. In fact, short-term T3 

treatment had a positive effect on stem cell activity. However, due to the highly accelerated 

turnover, several days of continuous T3 treatment provoked stem cell exhaustion and massive 

differentiation toward secretory cell lineages. A comparative molecular profiling of T3-

treated versus untreated organoids, performed before the onset of the stem cell exhaustion 

phenotype, indicated an enrichment in secretory progenitors as well as stress response and 

metabolic gene signatures. Finally, tamoxifen-induced TRα1 loss-of-function (TRα1-LOF)

(Quignodon et al, 2007) in SCs showed an altered SC activity, lowering ex vivo organoids 

development. Indeed, TRα1-LOF decreased Wnt and Notch pathways as well as stem cell and 



proliferation marker expression. As the T3 phenotype is abolished in the TRα1-LOF model, 

we conclude that the principal action of T3 in the intestinal epithelium stem and progenitor 

cells is mainly dependent upon the TRα1 nuclear receptor.



Materials and Methods

Animal and sample collection

We used adult (2-4 month-old) Lgr5-EGFP-IRES-CreERT2 (from here Lgr5-EGFP) (Barker 

et al, 2007), TRα0/0 (Gauthier et al, 2001), TRβ-/- (Gauthier et al, 1999) and TRα1L400R mice

(from here TRami corresponding to a model of TRα1 loss-of-function -TRα1-LOF-)

(Quignodon et al, 2007). Animals were maintained in a C57BL6/J genetic background. 

TRami mice were crossed with Lgr5-EGFP and Rosa26/CAG-floxed-STOP-tdTomato (from 

here Rosa-Tomato) mice (Madisen et al, 2010) to generate tamoxifen-inducible triple 

transgenic mice. Animals were housed in the same animal facility and received standard 

mouse chow and water ad libitum. All experiments were performed in compliance with the 

French and European guidelines for experimental animal studies and approved by the local 

committees "Comités d’Éthique 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). 

For T3 injections, a dose of 20μg for 20g body weight in 100μl saline solution was used; mice

were injected once a day during two days, controls received 100μl of saline solution. They 

were sacrificed and intestinal samples were collected in 4% paraformaldheyde (PFA) or liquid 

nitrogen for paraffin embedding or molecular studies respectively.

For tamoxifen injections, mice received 100μl of a 10mg/ml solution in sunflower oil once a 

day for 5 days; controls received 100μl of oil injections. After sacrifice, the intestine was 

removed for crypt preparation and organoids cultures or collected in 4% PFA or liquid 

nitrogen for paraffin embedding or molecular studies respectively.



Isolation of small intestinal crypts and organoid cultures

Small intestine was harvested, washed with cold PBS1X, opened longitudinally to remove 

luminal content and finally cut in small pieces of 1 to 2mm. Pieces of tissue were dynamically 

washed in cold PBS at 4°C during 20min. PBS was removed and fragments were incubated in 

a 2mM EDTA/PBS solution during 30min at 4°C. When time was up, fragments were gently 

mixed with the pipet and EDTA solution was removed. Intestinal fragments were dynamically 

washed in PBS and then fragments were shacked to dissociate crypts from mesenchyme. 

Supernatant was recovered giving rise to a crypt-enriched suspension. This suspension was

centrifuged at 200 RCF 3min at 4°C and supernatant was removed. Crypt-enriched 

suspension was filtered through a 70μm strainer and crypts were slowly centrifuged. 

Supernatant was removed and organoid culture medium was gently added to the crypt pellet. 

Finally, Matrigel matrix (Corning) was added to the crypt-medium solution with a 1:1 ratio 

and then drops of 50μl were plated in 12 well plates. Finally, 900μl of organoid culture 

medium were added in each well. Organoids were cultured at 37°C, 5% CO2 in IntestiCult

Organoid Growth Medium (Stem Cell Technologies). Medium was changed every 4 days and 

organoids replicated approximately every 4/5 days. For replication, Matrigel-embedded 

organoids were grossly dissociated with a micropipet and fragments recovered. Equivalent of 

4 dissociated culture-drops were collected in tubes and the volume was adjusted to 5ml with 

DMEM. Finally organoids were mixed, centrifuged and pellet resuspended in 

Intesticult/Matrigel mix (1:1 volume) and plated in 50μl drops, covered by 900μl of culture 

medium in 12 well plates.

Organoids development studies over several days in culture were performed on freshly 

isolated crypt cultures. Counting of the different structures was done under a Zeiss AxioVert 

inverted microscope. For treatment experiments, both fresh and replicated organoids were 

used. T3, T4, T2, Tetraiodothyroacetic acid (Tetrac), CHIR99021 (Merck-Sigma), Valproic 



acid (VPA) (Merck-Sigma), Wnt3a (R&D systems), Noggin (Peprotech), Y27632 (Merck-

Sigma) were used at the indicated concentrations.

To induce recombination and expression of TRami allele in TRami/Lgr5-EGFP organoids

0.2mg/ml of 4-hydroxy tamoxifen (4-OH-Tamoxifen) was added to the culture medium and 

organoids harvested at different time points from the beginning of treatment (3, 4, 5, and 6 

days).

For organoid colony assay experiments, organoids were recovered, incubated in Matrisperse 

(Corning) to eliminate the Matrigel, then incubated in TripLE express solution (Gibco) at 

37°C for 10 minutes and finally mechanically dissociated with 1ml pipet. Dissociation 

efficiency was directly monitored under the microscope. Cell suspension was recovered in 

PBS, washed and filtered in a 40μm strainer and 5000 single cells per 50μl of Matrigel drop 

were plated into 12 well plates. 

For flow cytometry analysis, single cells recovered from dissociated organoids with TripLE 

were analyzed with FACS Calibur apparatus (BD Biosciences). The percentage of GFP+ cells

within the viable total cell population was determined in each condition.

RNA extraction and RTqPCR 

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

presence of contaminating genomic DNA (gDNA), DNase digestion was performed on all 

preparations. Reverse transcription (RT) was performed with the iScript reverse transcriptase 

(Bio-Rad) on total RNA according to the manufacturer’s instructions. To further exclude 

gDNA contamination after RT we conducted a PCR in all preparations to amplify a 

housekeeping gene (Hprt) for which the primers are located on different exons of the 

corresponding gene. For qPCR approaches the SYBR qPCR Premix Ex Taq II (Tli RNaseH 

Plus) (Takara) was used in a CFX connect apparatus (Bio-Rad). In each sample specific 



mRNA expression was quantified by using the ΔCt method and values normalized against 

Ppib (mouse) levels. Primers are listed in Table S1.

Protein extraction and Western-Blotting

Protein samples from organoids (50μg per lane) were prepared with RIPA (Uchuya et al,

2018), separated by SDS-PAGE and transferred to PVDF membranes 0.2μm (Biorad). 

Membranes were blocked with TBS-Tween (Euromedex) supplemented with 5% non-fat milk 

before incubation with primary antibodies. This step was followed by incubation with HRP-

conjugated secondary antibodies (Promega). The signal was analyzed using an enzymatic 

Clarity substrate detection kit (Biorad) and image detection was performed using a Chemidoc 

XRS+ imaging system (BioRad), according to manufacturer’s protocol. All images were 

processed using the Image lab software (Biorad). Antibodies are listed in Table S2.

RNA-seq analysis

Sample preparation for sequencing. Triplicates of organoids maintained in control conditions 

or treated with 10-7M T3 were prepared and shipped to Active Motif RNA-seq service 

(www.activemotif.com). Steps included: a) Isolation of total RNA, b) Assessment of RNA 

quality/integrity using an Agilent Bioanalyzer, c) Directional library generation and QC of 

NGS library, d) Next-generation sequencing using the Illumina platform.

Sequencing and Analyses

1. Read Mapping: Standard RNA-sequencing generates 42-nt sequence reads using Illumina 

NextSeq 500. The reads are mapped to the genome using the STAR algorithm with default 

settings (Dobin et al, 2013). Alignment information for each read is stored in the BAM 

format.



2. Fragment Assignment: This process step is to count the number of reads (for single-end 

library) or fragments (for paired-end library) overlapping predefined genomic features of 

interest (e.g. genes). Only read pairs that have both ends aligned were counted. Read pairs 

that have their two ends mapping to different chromosomes or mapping to same chromosome 

but on different strands were discarded. We also require that at least 25 bp overlapping bases 

in a fragment for read assignment. The gene annotations we used were obtained from Subread 

package (Liao et al, 2014). These annotations were originally from NCBI RefSeq database 

and then adapted by merging overlapping exons from the same gene to form a set of disjoint 

exons for each gene. Genes with the same Entrez gene identifiers were also merged into one 

gene (Liao et al, 2014).

3. Differential Analysis: After obtaining the gene table containing the fragment (or read) 

counts of genes, differential analysis was performed to identify statistically significant 

differential genes using DESeq2 (Love et al, 2014). The following lists the pre-processing 

steps before differential calling.

a. Data Normalization: DESeq2 expects un-normalized count matrix of sequencing reads (for 

single-end RNA-seq) or fragments (for paired-end RNA-seq) for DESeq2’s statistical model 

to hold. The DESeq2 model internally corrects for library size using their median-of-ratios 

method (ref). The gene table obtained from Analysis Step 2) was used as input to perform the 

DESeq2’s differential test.

b. Filtering before multiple testing adjustment: After a differential test has been applied to 

each gene except the ones with zero counts, the p-value of each gene was calculated and 

needed to be further adjusted to control the number of false positives among all discoveries at 

a proper level. This procedure is known as multiple testing adjustment. During this process, 

DESeq2 by default filters out statistical tests (i.e. genes) that have low counts by a statistical 

technique called independent filtering. It uses the average counts of each gene (i.e. 



baseMean), across all samples, as its filter criterion, and it omits all genes with average 

normalized counts below a filtering threshold from multiple testing adjustment. This filtering 

threshold was automatically determined to maximize detection power (i.e. maximize the 

number of differential genes detected) at a specified FDR. 

4: Filtering criteria. DE genes were filters for shrunkenLog2FC >0.5 and adjusted p-value 

0.05. The adjusted p-value was generated by Benjamini and Hochberg’s FDR (False 

Discovery Rate) procedure and it is commonly used to evaluate statistical significance after 

multiple testing adjustment.

Gene ontology (GO) and pathway enrichment analysis

To classify the functions of DE genes, GO enrichment, and Reactome pathway (Fabregat et 

al, 2016) analysis was performed using Panther (Mi et al, 2005). For both analyses we 

considered terms to be significant if the FDR adjusted p-values were <0.05 and fold 

enrichment is >2.0. Further, we used REViGO (Supek et al, 2011) to reduce redundancy of 

the enriched GO terms and visualize the semantic clustering of the identified top scoring 

terms. Geneset enchiment analysis were performed with Enricher (Kuleshov et al, 2016).

Gene interaction network analysis

In order to determine the association between genes in a given dataset, protein-protein 

interaction network was constructed using STRING database (v10) (Szklarczyk et al, 2015).

The interactions are based on experimental evidence, co-occurrence and text-mining. 

Immunofluorescence, immunohistochemistry and microscopy

For in vivo experiments, Formalin-fixed paraffin-embedded (FFPE) sections (5μm thickness) 

were used for indirect immunostaining. Briefly, the sections were processed to eliminate the 



paraffin and then incubated with primary antibodies overnight at 4°C followed by incubation 

with fluorescent secondary antibodies (Alexa Fluor, Molecular Probes, 1:1000). All nuclei 

were counterstained with Hoechst (33342 Molecular Probes).

For ex vivo experiments, organoids were recovered and fixed in PFA 3% during 15min at

Room Temperature (RT). They were then incubated in PBS/Triton 0.5% 30min, PBS/Triton

0.2%/BSA1% 30min at RT. Then, the solution was discarded and primary antibodies were 

added at 4°C ON. Organoids were rinsed in PBS and secondary antibodies added for 4 hours

at RT. All nuclei were counterstained with Hoechst (33342 Molecular Probes) 20min. Finally 

organoids were rinsed and mounted on glass slide. To label mucus-producing goblet cells, the 

paraffin sections were subjected to periodic acid-Schiff (PAS) staining as previously reported 

(Plateroti et al, 1999). Mucin-filled cells were stained in bright fuchsia.

For live imaging, observations were performed on an AxioVert inverted microscope and 

pictures were taken with X4 and X10 objectives. For conventional fluorescence microscopy 

we used a Right Zeiss AxioImager 2; for confocal microscopy, we used the LSM780 Zeiss 

microscope with 40X and X60 objectives. All the pictures were modified equally by ImageJ 

software (brightness/contrasts) and Z projects were performed for image stacking.

Statistical analysis

Results illustrated as histograms represent the mean ± standard deviation (SD). Comparisons 

between groups were performed using Student’s t-test; p-values <0.05 were considered to be 

statistically significant.



Results

Continuous T3 treatment affects intestinal organoids development in an ex vivo system

We started our analysis by preparing fresh crypts from wild type animals and followed the 

kinetics of 3D organoids’ development and structuration over 7 days in culture. Organoids 

were cultured in control or in 10-7M T3-containing medium, that appeared to be the 

appropriated concentration for our studies (Figure S1A). As expected from reported studies 

(Sato et al, 2009), in control condition we observed an increase of organoids displaying the 

presence of several buddings over the time in culture and a parallel decrease of simple 

structured organoids (Figure 1A,B; S1B). Interestingly, T3 induced a change of morphology 

with organoids displaying a larger central body and decreased buddings in number and length 

(Figure 1A,B; S1B). These changes resulted in a loss of complex structuration, clearly visible 

form D3 onward with decreased complex organoid formation (more than 2 buddings)

followed by an almost stable percentage of less-complex organoids (1-2 buddings) (Figure 

1A,B; S1B).

In parallel, we analyzed markers of cell proliferation and of lineage committed progenitors or 

differentiated cell types at two time points: D2 when the morphological phenotype is not yet 

established and D4 when it is fully evident (Figure 1A,B Figure S1C). The proliferative 

capacity upon T3 treatment was analyzed by immunolabelling approach and we observed a

different patterning of KI67-positive cells at D2 compared with control organoids. In 

particular, while in controls the proliferating cells are spread all over the organoids (central 

and peripheral parts) in T3-treated condition the organoids were clearly more polarized with 

KI67 positive cells located within the already emerging buddings (Figure 1C). At D4 the 

control organoids showed KI67-positive cells within the crypt-like structures and this zone 

appears reduced in T3-treated condition (Figure 1C), according with the morphological 



changes. We checked by WB the protein levels of phospho-Histone H3, indicator of actively 

cycling cells (Kim et al, 2017; Nielsen et al, 2013). The level of phospho-Histone H3 was

unchanged at D2 but was downregulated at D4 (Figure 1D). In parallel, we observed that in 

T3 condition compared with untreated organoids, apoptosis was increased at both time points 

as visualized by cleaved-CASPASE3-positive cells or levels respectively by IF (Figure 1C) 

and WB (Figure 1D). 

To complete the analysis of the phenotype induced by continuous T3 treatment on organoids 

development we used a RTqPCR approach to monitor lineage committed progenitors and 

their differentiation capacities. In particular we checked markers characterizing early 

progenitors (Math1 and Hes1), late progenitors (Elf3, Klf4, Ngn3 and Sox9) and terminal 

differentiated epithelial cell types (Fabp2, Muc2, Lyz and Gcg). The intestinal epithelium cell 

lineages commitment depend on the combination of several signaling pathways among which

Wnt and Notch (Gehart & Clevers, 2019; Spit et al, 2018; Yin et al, 2014). Regarding markers 

of early progenitors, at D2 we observed only a marginal effect on Hes1 (absorptive lineage) or

no effect on Math1 (secretory lineages) mRNA expression. However, at D4 T3 treatment 

induced respectively an increase in Math1 and a decrease in Hes1 expression, indicating an 

induction of the differentiation program toward secretory lineages. In particular, we observed 

an increase in Math1, Elf3 and Klf4 in T3-treated condition that defines the differentiation 

program of mucus-producing goblet cells (Figure 2A). The increase of differentiated goblet 

cells by T3 treatment was confirmed by PAS histological staining and by MUC2

immunolabeling on sections (Figure 2B). Sox9 mRNA expression, indicating differentiation 

potential toward Paneth cells, was not changed at D2 or D4 and in consequence Lysozyme 

(LYZ)-expressing Paneth cell's number was not affected by T3 treatment (Figure S2A).

However, at mRNA level at D2 Lyz levels were unchanged but resulted up-regulated by T3 

treatment at D4 (Figure 2A). Ngn3 is expressed by enteroendocrine progenitor cells and 



specify enteroendocrine differentiation program (Jenny et al, 2002). Its expression was

decreased by T3 treatment at both D2 and D4 but this decrease didn't result in an overt 

decrease in chromograninA (CHGA)-expressing enteroendocrine cell number (Figure S2A).

Finally, decreased Hes1 mRNA expression at D4 was parallel to decreased Fabp2 mRNA 

level, indicating an impairment of absorptive lineage differentiation (Figure 2A). However, 

aminopeptitase N (ANPEP) protein immunolabeling or WB didn't show any major decrease 

in enterocyte differentiated cells (Figure S2A,B). 

Taken together the data show a precocious structuration and polarization of organoids upon 

T3 treatment during development ex vivo, indicating an accelerated turnover. In addition, 

considering that Dll1 and Dll4 mRNA expression as well as DLL1- and DLL4-expressing 

cells were increased in T3 compared with control organoids (not shown), the data point to an 

increase in secretory progenitors in particular of the goblet lineage.

Analysis of stem cell compartment upon continuous T3 treatment ex vivo

One possible explanation for the observed phenotype is that T3 strongly influences stem cell 

(SC) biology. To specifically analyze the SC compartment we took advantage of the Lgr5-

EGFP mice, which express the fluorescent GFP protein under the control of the Lgr5

promoter (Barker et al, 2007). We followed GFP presence and expression in organoid cultures 

in control or T3 condition. Intriguingly, starting from D3 onward a weaker GFP signal could 

be observed by live microscopy (Figure 3A, S3A), that was confirmed by WB at both D2 and 

D4 (Figure 3D) in the T3 treated cultures compared to the respective control conditions.

Furthermore, we observed by IF a reduced size of the CD44-positive crypt-like zone in T3 

compared with the control organoids (not shown). We also used an approach of cytometry on 

single-cell dissociated organoids at D2 and D4 and observed a decreased percentage of GFP-

positive cells in T3-treated compared with untreated organoids (Figure 3B). Finally, we



analyzed the mRNA expression of SC markers and observed a generalized decrease of all the 

markers in T3-treated organoids at both D2 and D4 (Figure 3C).

To link the T3-induced phenotype on SC markers with the stemness we used an approach of 

colony-forming efficiency, that is a direct measure at single cell level of the ability to self-

renew and generate organoids (Sato et al, 2009; Yin et al, 2014). For this aim, prior to the 

colony assay, we cultured the organoids during two days in control or T3 conditions and then 

dissociated and recovered the single cells from each condition. 5000 cells per well have been 

seeded (Figure S3B) and organoids cultured during seven days in presence or absence of T3. 

At D7 we counted the number of colony formed and the number of buddings per organoid

(Figure 3E,F). When starting from previously untreated organoids, T3 treatment (Control_T3) 

induced a decrease in colony formation and a small decrease in the number of buddings per 

organoid compared with the untreated organoids (Control_Control). Paradoxically, previous 

T3 treatment influenced the successive behavior of the single cells. In fact, T3-treated cultures

maintained in untreated condition (T3_Control) resulted in reduced number of organoids,

reflecting a reduced SC number, but they were larger in size and with an increased number of 

buddings per organoid (Figure 3E,F).

Overall, the data indicate that continuous T3 treatment in organoids induces a successive loss 

of SCs leading to SC exhaustion. However, they also unveil a paradoxical result of a T3-

dependent priming or reprogramming of the SCs in a way their further culture increases stem

capacity.

Signaling pathways involved in T3-dependent organoid's phenotype

The intestinal stem cell exhaustion described in the previous paragraph, can be due to 

alterations in signaling pathways required for SC biology. Then, we performed experiments 

by co-treating the organoids with T3 and growth factors or small molecules (Date & Sato, 



2015) which activate the Wnt pathway (CHIR, Wnt3a) (Huang et al, 2017; Willert et al, 2003; 

Yin et al, 2014), inhibits the BMP pathway (Noggin) (Haramis et al, 2004; Qi et al, 2017),

having an effect on lineage allocation through Notch and Wnt signaling or the HDACs 

(valproic acid, VPA) (Yin et al, 2014) or by inhibiting apoptosis (Y27632) (Han et al, 2017; 

Zhang et al, 2011). Interestingly, the T3 phenotype could partially be rescued by VPA (Figure 

4A,B) that acts at multiple levels of signaling and suppresses secretory cell lineage 

differentiation (Yin et al, 2014). Indeed, we noticed a clear increase in GFP in organoids that 

were cultured in presence of T3 + VPA compared to T3 only (Figure 4A, upper panel) at D4. 

Almost 100% organoids were well structured compared to T3-treated organoids (Figure 4A, 

lower panel) but they remained morphologically different from the control condition (Figure 

4A, upper panel). In fact, the number of buddings per organoid was decreased in T3+VPA

organoids compared to control but similar to VPA condition alone (not shown). In addition

and contrariwise to what was expected, VPA alone did not clearly induce Lgr5, Olfm4, Ascl2

and mTert SC markers mRNA levels at D4 by RTqPCR analysis (Figure 4B) and did not 

inhibit the secretory signature (Figure 4B). We observed, however, that VPA interfered with 

the T3-induced Math1, Elf3, Kl4 and Muc2 mRNA expression in T3+VPA condition 

compared with T3-only condition, while it was not sufficient to recover SC signature at the 

level of the control condition (Figure 4B). We also wanted to see whether the phenotype 

could be rescued when the VPA was added in the medium after 2 days of T3 treatment. 

However, the delayed addition of VPA was inefficient in improving the T3-dependent effect 

on organoids (not shown). Finally, the activation of Wnt or the inhibition of BMP pathways 

resulted in a small recovery of the organoids morphology (Figure S4A,B), while the inhibition 

of apoptosis was not efficient at all in rescuing the T3 phenotype, indicating that cell death is 

not the primary cause of SC exhaustion (Figure S4A).



Taken together, our data point to a complex process leading to SC exhaustion driven by 

continuous T3 treatment of organoids, responsible for unbalanced progenitors differentiation. 

In fact only the VPA that acts on multiple molecular processes is able to partially abolish the 

T3 phenotype. However, the fact that delayed VPA treatment is not able to affect T3 action 

indicates that T3 precociously induces an irreversible program. 

TH-TR in organoids

An important step in characterizing the action of the continuous T3 treatment on organoid

development and structuration was the analysis of the thyroid hormones metabolizing 

enzymes, transporters and TRs by RTqPCR. Dio1 was expressed in both untreated and treated 

organoids and its expression was strongly increased at both D2 and D4 upon T3 treatment, in 

line with its expression being directly controlled by T3 (Grontved et al, 2015) (Figure 5A).

Dio2 was not expressed at any time point or condition and Dio3 was almost undetectable (not 

shown). Among TH transporters Mct8 was undetectable at D2 but strongly induced by T3 at 

D4, while Mct10 was present and its expression up-regulated by T3 treatment at both time 

points (Figure 5A). Regarding the TRs (TRα1 and TRα2 that are encoded through the same 

promoter (Brent, 2012) and TRβ1), their mRNA levels were unchanged by T3 treatment

(Figure 5A). We also analyzed TRα1 expression by immunolabeling and observed that at both 

D2 and D4 it is expressed essentially within the same cells that proliferate (PCNA-positive 

cells) (Figure 5B). However, when we performed WB analysis, TRα1 expression was strongly 

reduced (Figure 5D), while TRβ1 protein expression resulted unchanged (Figure S5). To 

confirm that the T3 phenotype specifically depends on T3 and not from other metabolites or

through the integrins (Davis et al, 2011; Hammes & Davis, 2015; Kalyanaraman et al, 2014)

we also performed experiments by treating the organoids with T4, T2 and Tetrac. However, 



only T4 could recapitulate the T3 phenotype (Figure S6A,B), as expected by the presence and 

expression pattern of the Dio1 in the organoids and its action in metabolizing T4 to T3.

The results on the modulation of TRα1 by T3 compelled us to perform experiments using 

TRα0/0 and TRβ-/- mice, representing constitutive models of Thra and Thrb knockout animals

(Gauthier et al, 1999; Gauthier et al, 2001). In addition, given that Thra but not Thrb mRNA 

expression is enriched in SCs (Table S3), we also used a model of inducible TRα1-dominant 

negative expression (TRami) (Quignodon et al, 2007) crossed with the Lgr5-EGFP animals, 

to induce the loss of TRα1 activity specifically in the SCs.

First of all we analyzed the developmental characteristics of organoids from TRα0/0 and TRβ-/-

crypt cultures over time. While TRβ-/- crypts behaved in similar manner than the WT crypts in 

terms of growth and buddings formation, TRα0/0 crypts had delayed development and growth 

profile with simple structures remaining for longer time and complex organoids forming more 

slowly (Figure 6A,B). However at D7 all genotypes had complex organoids but when we 

counted the number of buddings per organoid we observed that TRα0/0 had decreased number 

compared with WT or TRβ-/- organoids at D2 and D4 (Figure 6C). We also analyzed the 

extent of the phenotypic changes induced by continuous T3 treatment in organoids of 

different genotype. Surprisingly, compared with WT organoids both TRα and TRβ knockout

organoids displayed a reduced response to T3 and the percentage of complex organoids was 

higher in both genotypes than in T3-treated WT organoids (Figure 6B, S7). The number of 

buddings per organoid resulted strongly and significantly reduced in WT organoids but this 

reduction was less important in both TRα0/0 and TRβ-/- organoids and only in TRβ-/- the 

difference was statistically significant (Figure 6C). When we analyzed the expression of stem 

and progenitors markers, with the exception of Olfm4, we could observe that the response to 

T3 in TRα0/0 organoids was impaired or absent at both D2 and D4 (Figure S8), clearly 

indicating a major implication of this receptor in the observed T3-dependent phenotype. 



To more precisely link TRα1 expression and activity to T3-dependent phenotype we induced 

the expression of the TRami allele in the SCs by using the TRami/Lgr5-EGFP/Rosa-Tomato 

triple transgenic animals. The efficiency of the induction of the TRami allele by tamoxifen 

was validated by PCR on genomic DNA and by live microscopy by the analysis of the 

presence of Tomato/GFP positive cells (Figure 7A, S9A,B). We also confirmed the effect of 

TRami expression on mRNA levels of direct TRα1 target gene Ctnnb1 (β-catenin), on Wnt 

and Notch targets Ccnd1 (Cyclin D1) and Hes1 respectively. As expected, the expression of 

all these genes were decreased at the different time points upon 4-OH tamoxifen treatment 

compared to control untreated organoids. In parallel, we also observed a progressive decrease 

of several SC markers such as Lgr5, Ascl2, Olfm4 and mTert mRNA levels (Figure S9C). We

also used an approach of TRami induction in animals in vivo previous to organoids cultures. 

For this aim tamoxifen was injected to TRami/Lgr5-EGFP/Rosa-Tomato triple transgenic 

animals and the intestine recovered to perform crypt cultures over time and analyze the 

response to T3 ex vivo. Compared with oil-injected control animals, TRami cultures showed a 

strong delay in organoid formation and on complex structures development (Figure 7A,B, 

S10A,B). In addition, T3 treatment in tamoxifen-induced TRami compared with oil-injected 

animals was poorly efficient in inducing the T3 phenotype ex vivo (Figure 7B, S10A,B),

strongly indicating that the loss of TRα1 activity results in the overall loss of T3 action in

organoids.

Altogether the data indicate that T3 treatment in organoids induces a "thyroid shock" 

recapitulated by the induction of T3-metabolizing enzymes and T3 transporters together with 

a reduction in the level of TRα1. The lowered levels or activity of TRα1 lead to decreased 

stemness and pushes SCs into the differentiation program. 



Molecular mechanisms linked to the observed T3 phenotype ex vivo

The previous results indicated that early events occur on T3-treated organoids that are 

responsible for the overall late phenotype. To specifically define the short-term effects of T3 

treatment we analysed at mRNA level the expression of TH signaling, cell proliferation and 

stem cell markers (Figure 8A-C). We observed that the most early response was in Dio1 and 

Mct10 expression, that were both upregulated in T3-treated organoids starting from 3h after 

treatment onwards (Figure 8B). CyclinD1 (Ccnd1) was upregulated after a few hours of T3-

treatment and remained up-regulated at longer time points (Figure 8C) and SC markers started 

to decrease from 10 hours after treatment being more clearly affected 24 hours after treatment

(Figure 8B). We decided to use an approach of RNA-seq on organoids maintained in control 

condition or treaded with T3 for 17 hours, when the molecular features linked to SCs start to 

appear but the phenotype is not yet established.

We used statistical approaches to identify significant differentially expressed (DE) genes and 

retained only the genes presenting a Log2 fold change >0.5 and a p-value <0.05 (Table S4).

The hierarchical clustering clearly grouped the genes depending on the culture conditions (not 

shown), while the gene ontology (GO) analysis identified biological functions that were 

significantly associated with the dataset, which included among others stress response and 

metabolism (Figure S11A,B; Table S4). Molecular pathways that were significantly 

represented within the DE genes included retinoic acid signaling and xenobiotics (down-

regulated) as well as Toll-like receptor cascade and various transporter-types (up-regulated) 

(Table S4). Finally, bioinformatics analysis revealed a network of functionally linked 

downregulated genes encoding SC markers and/or linked to SC biology (Figure 8H). We also 

performed gene set enrichment analysis (GSEA) to compare our DE genes with genes 

preferentially expressed in SCs or in progenitor cells (Figure 8D). In accordance with our 

results on the phenotype of the organoids, the DE-upregulated genes of our analysis 



significantly associated with a progenitor-type molecular signature (Figure 8E), while the DE-

downregulated genes significantly associated with SC molecular signature (Figure 8F).

These analyses indicate that 17 hours of T3 treatment induces the "thyroid shock" through a

complex response that includes a stress response and a metabolic challenge responsible for

the late observed phenotype. 

Relevance of the observations in animals in vivo

In order to analyze the impact of T3 treatment on SCs and progenitors in animals in vivo, we 

treated the Lgr5-EGFP animals and recovered the intestine two days after treatment. We

analyzed the proliferative and differentiation properties of the intestine by IF on sections. As 

expected form our previous studies (Kress et al, 2009; Plateroti et al, 2006), T3 treatment 

induced an increased percentage of PCNA-positive proliferating crypt cells (Figure 9A). 

Contrariwise to what observed in organoids, T3 injections had not a negative impact on SC 

number as analyzed by cytometry (not shown) or immunolabeling (Figure 9B). Finally, the 

analysis of differentiation markers indicated that T3 injection didn't result in an overt 

difference between T3-treated and untreated animals (Figure 9C).

The observations in animals in vivo point to an epithelial-cell autonomous and non-

autonomous function of T3 on progenitors and on SCs. Protective mechanisms in vivo may 

account for the lack of SC exhaustion observed ex vivo in organoids.



Discussion

Despite the increasing data on the effect of altered TH levels or TRα1 expression in intestinal 

development and homeostasis in mammals, specific analysis of their function in SCs had not 

been performed. On the contrary, we had a thorough analysis of their function in inducing 

adult intestinal structuration and SC appearance in amphibians during metamorphosis (Frau et 

al, 2017; Ishizuya-Oka et al, 2009; Shi et al, 2011). These data strongly compelled us to study 

the effect of T3 treatment in intestinal organoids, that represent a classical approach for study 

SC self-renewal and multipotency properties (Sato et al, 2009), and followed the impact of a 

continuous T3 treatment in the structuration and growth over time in culture. We also 

benefited to the use of the Lgr5-EGFP mice that enable to specifically tracking and targeting 

the SCs (Barker et al, 2007). Surprisingly, we observed a complex response to T3 depending 

on the time in culture. During the first 2 days, the proliferation and cell death were 

accelerated, indicating an increased turnover as previously described (Kress et al, 2009; 

Plateroti et al, 2006). However, the organoid model, that is a simplified mini-gut composed of 

the epithelium alone (Date & Sato, 2015), is probably not efficient in overcome this 

acceleration and/or the lack of important signals from the niche as it has been shown for 

Math1-deficient animals (Durand et al, 2012) and we observed a progressive stem cell 

exhaustion and precocious organoids death compared with the untreated counterpart. This 

result is different from the one obtained by treating animals in vivo, even if we only analyzed 

one time point and didn't perform long-time treatment. However, 2 days of T3 treatment 

didn't result in any overt SC alteration (number or decrease of markers) but we observed a 

similar increase in cell proliferation, probably reflecting an increase in the transit amplifying 

(TA) cells (Barker, 2014; Gehart & Clevers, 2019; van der Flier & Clevers, 2009). These 

similarities in vivo and in ex vivo underline that T3 acts in a epithelial-cell autonomous 

manner in inducing an increase in cell proliferation resulting in an amplification of the 



progenitor pool in both cases. A clear-cut and somehow paradoxical effect of T3 on SC 

activity came from colony efficiency experiments, in which T3 is able to prime/reprogram 

cells to increase their stemness. This is the first example of such an action of T3 on 

mammalian intestinal SCs. A more detailed analysis is necessary, however, to unveil the 

mechanisms by which this hormone acts on SCs and/or early progenitors and eventually 

define if T3 has a similar role in dedifferentiation as it has been described for amphibians 

(Ishizuya-Oka et al, 2009).

The actions of T3 in the intestinal epithelial crypt cells depends mainly on TRα1, which is 

expressed by all the cells present within this compartment, specifically enriched in SC and 

progenitors (Table S3). Surprisingly, we also observed that TRβ receptor-type might 

participate to the T3-dependent organoids phenotype, given that the altered morphology and 

the progressive loss of SCs is less important in TRβ-/- compared to WT organoids cultures. 

Considering that TRα1 is enriched in precursors cells while TRβ is enriched in differentiated 

cells (Sirakov et al, 2014), we can hypothesize that the activity of both receptor-type in the 

presence of T3, may contribute to the phenotype. It is also worth noting that a functional 

redundancy has been described for the two T3 receptor subtypes in the intestine of TRα-/-

animals, displaying a peculiar and very strong phenotype (Plateroti et al, 1999). Redundancy

has also been shown in the case of gene expression in liver of TRβ-/- animals in regard to Dio1

expression (Gullberg et al, 2002) or in epidermal cell proliferation (Contreras-Jurado et al, 

2011; Contreras-Jurado et al, 2014). In addition, constitutive KO animals very often present 

an adaptive response to gene loss that can involve new acquired functions of homologous 

genes as it has been described for the genes encoding for retinoic acid nuclear receptors RAR

(Benbrook et al, 2014) or for the Notch genes (Riccio et al, 2008). Nevertheless, the self-

renewal capacity in organoids, measured by the number of buddings per organoid at different 



time point, unveil that TRα0/0 organoids have a lower stem capacity at almost every time 

analyzed, while the TRβ-/- behaves as the WT. In addition, while T3 has a strong and 

significant impact on this same parameter in both WT and TRβ-/- organoids over the time of 

treatment, TRα0/0 organoids showed a similar but not significant trend. Finally, the induction 

of a TRα-dominant negative protein within the SCs definitively confirmed the importance of 

this nuclear receptor in intestinal SC biology, also reinforced by the fact that they almost 

completely lose the ability to respond to T3 and do not display the typical T3 phenotype.

The comparative transcription profile analysis we performed helped to understand the T3 

phenotype in organoids. We decided to analyze short-term effects of T3 before the onset of 

the overt phenotype. First of all, we confirmed by a molecular point of view that at this early 

time, when the morphology is intact, there is an enrichment in markers of progenitors and an 

impoverishment in SC markers, in agreement with the late phenotype. Looking in more detail, 

among the functions highly represented within the differentially regulated genes (up and 

down) we could find stress regulators, transporters and metabolism. For the metabolism, in 

particular, it was evident that enzymes involved in energy metabolism, including glycolysis 

and lipid metabolism, were strongly represented. This high metabolic response is in line with 

the function of T3 as metabolic hormone (Cicatiello et al, 2018; Mullur et al, 2014) and with 

the observed phenotype at early time point of T3 treatment with the accelerated cell turnover. 

The stress response could be linked, on the other hands, to SC progressive exhaustion. It is 

worth noting, however, that pathways such as Wnt or Notch that have already been described 

as targets of TH/TRα1 (Frau et al, 2017; Kress et al, 2009; Kress et al, 2010; Plateroti et al, 

2006; Sirakov et al, 2015) do not appear as the most significantly affected at this time point. 

Nevertheless, in the analysis of disease perturbations correlated with our list of DE genes, 



Wnt/β-catenin-linked pathologies (essentially colorectal cancer) are present and are in 

agreement with our previous studies (Kress et al, 2010; Uchuya-Castillo et al, 2018).

In conclusion our data on T3 and TRα1 on intestinal crypt SCs point to complex and 

epithelial cell-autonomous as well as non-autonomous effects. From the one hand, TRα1 has a 

primary and direct effect on stem and progenitor cells and it is important for SC maintenance 

and biology. In the other hand, we also unveiled a novel function of TRβ acting probably 

through differentiated cells to participate to the homeostasis of SCs. Next steps will include 

isolation and study the various functions of T3 in specific cell populations in order to better 

define specific actions on specific cell types. Given that SCs have been clearly identified as 

the cells of origin of cancers in the intestine (Barker et al, 2009), new advances will help 

developing new tools in the field of precision medicine to target specific cell types where the 

T3 has a pro-tumoral impact while preserving the other intestinal epithelial cell types. 
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Figure Legends

Figure 1. Analysis of growth potentialities and features of cultured crypts. A,B) Crypts 

were prepared from WT intestine and maintained in culture for several days in the absence 

(Control) or presence of 10-7M T3 as indicated, allowing complex organoid development and 

structuration. Pictures in (A) have been taken under inverted microscope at the indicated days 

after the start of the culture, and are representative of three/four independent experiments, 

each conducted on six replicates. Bar= 30μm, magnification insets 15μm). B) The number of 

simple structure (spheres) or organoids of increasing complexity (1 or 2 buds, more than 3 

buds) were scored under the inverted microscope during seven days of culture. Multilayered 

histograms represent the mean ± SD, n=6, of each counted structure in the cultured crypts in 

control or T3 condition. (C) Ki67 and Cleaved-caspase 3 immunolabeling of proliferating or 

apoptotic cells in organoids in control or T3 condition, as indicated, at D2 and D4 time-points. 

Images show merged specific immunolabeling (red) and nuclear staining (blue). Bar= 20μm.

D) Western-blot analysis of Histone H3, Cleaved-caspase 3 levels in organoids in control or 

T3 condition, as indicated, at D2 and D4. Actin was used as the loading control. Pictures are 

representative of two independent experiments.

Figure 2. T3 treatment in organoids induces unbalanced epithelial cell differentiation.

A) RT-qPCR experiments were performed to analyse the expression of markers of early 

epithelial progenitors (Math1, Hes1), committed progenitors of different lineages (Elf3, Klf4,

Ngn3, Sox9) and of differentiated cells (Fabp2, Muc1, Lyz, Gcg) in control or T3 conditions, 

as indicated at D2 and D4. Histograms represent mean ± SD, N=4, after normalization with 

Ppib. *, P<0.05, **, P<0.01 and ***, P<0.001 compared to the respective control condition. 

The result is representative of two independent experiments. B) Analysis of mucus-producing 

goblet cells differentiation in organoids maintained in control or T3 conditions, as indicated, 



at D4. Upper panel shows mucus cells stained with PAS or by immunolabelling with anti-

MUC2 antibodies (the images show merged MUC2 (red) and nuclear staining (blue). Bar= 

10μm. Histograms in the lower panel (mean ± SD) summarize the quantification of PAS-cells

positive in organoids depending on the culture condition. Approximately 50 organoids per 

condition were scored from  pictures by ImageJ software.

Figure 3. Effect of T3 treatment of organoids on intestinal stem cells. A,B) Analysis of 

GFP-expressing stem cells performed by inverted microscope (A) or by Flow cytometry (B). 

Representative pictures of brightfield or GFP-fluorescence have been taken under a Zeiss 

AxioVert inverted microscope in control or T3 conditions, as indicated, at D2 and D4. Bar= 

15μm. Pictures are representative of four independent experiments. Cytometry analysis (B) 

has been performed in single-cell dissociated organoids at the indicated days of T3 treatment. 

C) RT-qPCR analysis of the indicated stem cell markers in control or T3 conditions at D2 and 

D4. Histograms represent mean ± SD, N=4, after normalization with Ppib. *, P<0.05, **, 

P<0.01 and ***, P<0.001 compared to the respective control condition. The result is 

representative of two independent experiments. D) Western-blot analysis of GFP protein 

levels in the organoids maintained in control or T3 conditions, as indicated, at D2 and D4

conditions. Actin was used as the loading control. Image is representative of two independent 

experiments. E,F) Colony assay performed on single cells dissociated form organoids 

maintained 2 days in culture in control or T3 condition. 5000 cells were cultured in Matrigel 

in control (Control_Control, T3_Control) or T3 condition (Control_T3, T3_T3) as indicated. 

Pictures in (E) have been taken under a Zeiss AxioVert inverted microscope at D7. Bar= 

15μm. Pictures are representative of four independent experiments each conducted in four 

replicates. Histograms in (F) show the colony number formed (upper panel) and the number 

of buddings per organoid (lower panel) in each condition after 7 days in culture. Bars 



represent mean ± SD, N=4. *, P<0.05 and ***, P<0.001 compared to Control_Control; $$$, 

P<0.001 compared with Control_T3. 

Figure 4. Rescuing of the organoids' T3 phenotype by VPA. A) Replicated organoids have 

been cultured during 4 days (D4) in the absence (Control) or presence of 10-7M T3, of 0.5mM

of VPA or T3+VPA as indicated. The brightfield or GFP-fluorescence pictures have been 

taken under a Zeiss AxioVert inverted microscope and are representative of three independent 

experiments, each conducted on six replicates Bar= 10μm. Histograms in the lower panel 

show the percentage of normal-shaped organoids in the different culture conditions compared 

with the untreated-control condition. Bars represent mean ± SD, N=20. **, P<0.01 and ***, 

P<0.001 compared to control condition. B) RT-qPCR experiments were performed to analyse 

the expression of stem cell markers (Lgr5, Olfm4, Ascl2 and mTert), of early epithelial 

progenitors (Math1, Hes1), committed progenitors of different lineages (Elf3, Klf4, Ngn3,

Sox9) and of differentiated cells (Fabp2, Muc1, Lyz, Gcg) in the different culture conditions, 

as indicated, at D4. Histograms represent mean ± SD, N=4, after normalization with Ppib. *, 

P<0.05, **, P<0.01 and ***, P<0.001 compared to control condition; $$, P<0.01 and $$$, 

P<0.001 compared to T3 condition and €€, P<0.01 compared to VPA. The result is 

representative of two independent experiments. C) Analysis of proliferating Ki67- positive 

cells in organoids maintained in different conditions, as indicated, at D4. The images show 

merged Ki67 (red) and nuclear staining (blue). Bar= 20μm.

Figure 5. Analysis of TH-dependent signaling in organoids. A) RT-qPCR analysis of 

different TRs (TRα1, TRα2 and TRβ1) of the TH-metabolizing enzyme Dio1 and on the 

transporters (Mct8 and Mct10) in control or T3 conditions at D2 and D4. Histograms 

represent mean ± SD, N=4, after normalization with Ppib. **, P<0.01 compared to the 



respective control condition. The result is representative of two independent experiments. (B)

PCNA (proliferating cells) and TRα1 immunolabeling in organoids in control or T3 condition, 

as indicated, at D2 and D4 time-points. Images show merged specific immunolabeling (red) 

and nuclear staining (blue). Pictures are representative of three independent experiments each 

conducted in six replicates. Bar= 20μm. C) Western-blot analysis of TRα1 levels in organoids 

in control or T3 condition, as indicated, at D2 and D4. Actin was used as the loading control. 

Pictures are representative of two independent experiments. + Ctrl: Caco2 cells transfected 

with a TRα1-expression vector; MW, molecular weight marker.

Figure 6. Involvement of TR subtypes in the T3-dependent phenotype of organoids. A,B) 

Crypts were prepared from WT, TRα0/0 and TRβ-/- intestines and maintained in culture for 

several days in the absence (Control) or presence of 10-7M T3 as indicated, allowing complex 

organoid development and structuration. Multilayered histograms in (A) represent the mean ± 

SD, n=6, of each counted structure in the cultures from different genotype maintained in 

control or T3 condition. In (B) The number of simple structure (spheres) or organoids of 

increasing complexity (1 or 2 buds, more than 2 buds) were scored under the inverted 

microscope during seven days of culture. Multilayered histograms in (A) represent the mean ± 

SD, n=6, of each counted structure in the cultured crypts in control or T3 condition. **, 

P<0.01 and ***, P<0.001 TRα0/0 compared with WT; $$, P<0.01 and $$$, P<0.001 TRβ-/-

compared to WT. C) The number of buddings per organoid has been scored at different time 

points in cultures organoids of different genotype in control and T3 condition, as indicated. 

**, P<0.01 compared to control condition of the same genotype; $, P<0.05 compared to 

control of WT and TRβ-/- genotypes.



Figure 7. Inducible TRα1-dominant negative expression has a negative effect on 

organoids development and structuration. A) Crypts were prepared from TRami/Lgr5-

EGF/Rosa-Tomato intestines. Animals received Tamoxifen injection before sacrifice (1 daily

injection during 5 days of 100�l of a solution 10mg/ml). Cultures were maintained for 

several days in the absence (Control) or presence of 10-7M T3 as indicated. Tamoxifen 

injections induced deletion of floxed sites enabling the expression of Tomato protein (red 

fluorescence) as well as of the TRami allele. Pictures have been taken under inverted 

microscope at the indicated days after the start of the culture, and are representative of two 

independent experiments, each conducted on six replicates (Bar=50�m). Note that each 

organoid visualized by brightfield microscopy expresses the GFP and co-stain for Tomato 

demonstrating the efficiency of recombination. At D4 and D7 almost all the cells composing 

the organoids express the Tomato protein, clearly indicating that the primary recombination 

event was in SCs. B) The number of simple structure (spheres) or organoids of increasing 

complexity (1 or 2 buds, more than 2 buds) were scored under the inverted microscope during 

seven days of culture. TRami/Lgr5-EGFP/Rosa-Tomato animals were injected with 

Tamoxifen or with the vehicle (sunflower oil, negative control) as indicated. Multilayered 

histograms (upper panel) and bar lines (lower panel) represent the mean ± SD, n=6, of each 

counted structure in the cultured crypts in control or T3 condition. **, P<0.01 and ***, 

P<0.001 T3 oil compared with control oil; compared to control condition; $$$, P<0.001

control Tam compared with Control oil; €€, P< 0.01 and €€€, P< 0.001 T3 Tam compared 

with control oil.

Figure 8. Comparative transcription profile analysis of T3-treated organoids by RNA-

seq study. A) Replicated WT organoids have been cultured for different length of time up to 

24h in the absence (Control) or presence of 10-7M T3, as indicated. The pictures have been 



taken under a Zeiss AxioVert inverted microscope and are representative of three independent 

experiments, each conducted on six replicates. Bar= 30μm. B) RT-qPCR experiments were 

performed to analyse the expression of stem cell markers (Lgr5, Olfm4, Ascl2 and mTert), of 

early epithelial progenitors (Math1, Hes1), committed progenitors of different lineages (Elf3,

Klf4, Ngn3, Sox9) and of differentiated cells (Fabp2, Muc2, Lyz, Gcg) at different time points, 

as indicated. C) Same analysis as in (B) on TH metabolizing enzyme Dio1 and transporter 

Mct10 used as positive control for the efficiency of T3 treatment. Ccnd1 (Cyclin D1) was 

used as proliferative marker. Histograms represent mean ± SD, N=4, after normalization with 

Ppib. *, P<0.05, **, P<0.01 and ***, P<0.001 compared to the respective control condition. 

D-H) T3 treatment alters the expression of stem cell and progenitor genes. D) Diagram shows 

comparison between different datasets to evaluate the expression changes induced by T3 

treatment. Our dataset was compared to two studies (GSE23672- Stem cells vs. progenitor 

cells and GSE25109 - Stem cells vs. Paneth Cells) and to the stem cell signature genes 

defined by Munoz et al. 2013. E) Venn diagrams show the overlaps between our dataset 

and GSE2367. Upregulated set in our analysis shows a large number of genes highly 

expressed in progenitor cells while the downregulated set is similar to the gene set expressed 

in stem cell. F) Venn diagrams show comparison between downregulated genes in our dataset

and “stem cell” signatures. p-values show significance of overlap based on the number of 

expressed and altered genes. G) Enriched gene ontology (GO) terms associated with “stem

cell related genes” present in the downregulated set in our study. GO analysis was performed 

with Panther and GO terms were grouped using Revigo. H) Network of stem cell related 

genes present in the downregulated set. Analysis was performed with String. Different 

clusters are defined by colors and based on functional association.



Figure 9. Effect of T3 treatment in vivo on intestinal cell populations. A) Analysis of 

PCNA-positive proliferating cells in intestinal sections from Lgr5-EGFP animals in control or 

T3 condition, as indicated. PCNA-positive cells have been scored under a Zeiss imager 

microscope. Approximately 30 crypts were scored from three mice per condition (upper 

panel). The images in the lower panels show merged PCNA (red) and nuclear staining (blue).

Pictures are representative of three different animals per condition. Bar= 10μm. B) GFP 

expressing stem cells have been monitored under the fluorescence microscope. Pictures are 

representative of three different animals per condition. Bar= 10μm, magnification insets 5μm.

C) Analysis of differentiation markers in distal small intestinal sections of control or T3-

treated mice as indicated. ANPEP (enterocytes), Lysozyme (LYZ, Paneth cells) and 

chromogranin A (CHGA, enteroendocrine cells) were analyzed by immunolabelling. The 

images show merged differentiation marker (red) and nuclear staining (blue). Bar= 10μm.

Mucus-producing goblet cells were stained with PAS. Bar= 20μm. Pictures are representative 

of three different animals per condition. 



Supplementary Figure Legends

Figure S1. Effect of T3 on intestinal organoids. A) Measurement of the number of normal-

shaped organoids established from WT intestine. Organoids were maintained in control 

condition or treated with T3 at different concentrations (10-7M, 10-8M and 10-9M), as 

indicated; the percentage of normal-shaped organoids was compared to control organoids 

after 4 days in culture. **, P<0.01 compared with control; #, P< 0.05 compared with T3 10-

9M condition. This experiment enabled to choice the concentration of 10-7M T3 for all the 

following studies. B) Time-course of fresh crypts isolated from WT intestine. Crypts were 

treated (T3) or not (Control) and developing structures were counted under a Zeiss AxioVert 

microscope. The percentage of spheres, simple organoids, 1-2 buds organoids and more 

complex organoids (>2buds) was evaluated every day during 1 week. **, P<0.01 and ***, 

P<0.001 compared with the respective control condition. C) Images of control and T3-treated 

organoids after replication (D0), 2 days (D2) and 4 days (D4) of culture. Bar= 30μm,

magnification insets 15μm

Figure S2. Expression of differentiation markers in organoids. A) Analysis of 

differentiation markers in organoids paraffin sections in control or T3-treated condition, as 

indicated. ANPEP (enterocytes), Lysozyme (LYZ, Paneth cells) and chromogranin A 

(CHGA, enteroendocrine cells) were analyzed by immunolabelling. The images show merged 

differentiation marker (red) and nuclear staining (blue). Pictures are representative of three 

independent experiments. Bar= 10μm, magnification insets 5μm. B) Western-blot analysis of 

indicated proteins from control and T3-treated organoids after 2 and 4 days of culture (D2 and 

D4). Actin was used as loading control.



Figure S3. Action of T3 on stem cell compartment in organoids. A) Live GFP 

fluorescence analysis of fresh Lgr5-EGFP organoids cultured in presence or absence of T3 for 

2 days (D2), 4 days (D4) and 7 days (D7). Bar= 10μm, magnification insets 5μm. B) Images 

show organoids replicated and cultured in presence or absence of T3 during 2 days (D2) 

before dissociation, filtering and counting (upper panel). Bar= 30μm, magnification insets

15μm. 5000 cells per well were plated and the images show the equivalence of the single cell 

cultures in each condition at the beginning of the cultures (lower panel). Bar= 15μm.

Figure S4. Rescuing experiments with growth factors and small molecules in organoids.

A,B) Analysis of the effect of growth factors or small molecules on the T3-dependent 

phenotype in organoids. A) Replicated organoids were maintained in control, T3 (10-7M), 

CHIR (1mM), Y27632 (10mM), T3 and CHIR (CHIR+T3), Y27632 and T3 (Y27632+T3) as 

indicated or B) Noggin (500ng/ml), Wnt3a (100ng/ml), T3 and Noggin5X (Noggin+T3), T3 

and Wnt3a (Wnt3a+T3) for 4 days. Images are representative of two independent 

experiments. Bar= 30μm, magnification insets 15μm.

Figure S5. Expression of TRβ1 in organoids. Western-blot analysis of indicated proteins 

from WT or TRβ-/- organoids, to confirm the specificity of the antibody used (left panel). 

TRβ1 levels were analyzed in control and T3-treated organoids, established from WT mice, 

after 2 and 4 days of culture (D2 and D4) (right panel). Actin was used as loading control. 

The images are representative of two independent experiments.

Figure S6. Analysis of different TH-related molecules in organoids. A) Replicated 

organoids were maintained in control, T3 (10-7M), T4 (10-6M), T2 (10-7M) or B) T3 and 

Tetrac (10-7M) (T3+Tetrac) for 4 days. The number of buds per organoid was evaluated for 



each condition and compared to control organoids. Images are representative of two 

independent experiments. Bar= 30μm, magnification insets 15μm. ***, P<0.001 compared to 

the control or to T2 condition (A) or compared to the control condition (B).

Figure S7. Organoids development and strucuturation from TRα0/0 and TRβ-/- animals.

Time course of fresh crypts isolated from TRα0/0 and TRβ-/- intestines as indicated. Crypts 

were treated (T3) or not (Control) and developing structures were counted under an AxioVert 

inverted microscope. The percentage of spheres, simple organoids (egg-shaped), 1-2 buds 

organoids and more complex organoids (>2buds) was evaluated every day during 1 week. *,

P<0.05; **, P<0.01 and ***, P<0.001 compared with the respective control condition.

Figure S8. mRNA analysis of markers of different epithelial cell populations in 

organoids. Quantitative real-time PCR analysis of relative mRNA expression of SC markers 

(Lgr5, mTert, Ascl2, Olfm4), of early progenitors (Hes1, Math1), of engaged progenitors 

(Ngn3, Sox9, Klf4, Elf3) and of differentiated cells (Fabp2, enterocytes; Muc2, goblet cells; 

Gcg, enteroendocrine cells; Lyz, Paneth cells) in organoids cultured for 2 and 4 days (D2 and 

D4). Organoid samples were established from WT (blue), TRα0/0 (red) and TRβ-/- (green)

mice, replicated and maintained in presence or absence (C) of the T3 hormone. Histograms 

represent mean ± SD, N=4, after normalization with Ppib. The expression value of each gene, 

for each genotype, is represented as fold change related to one sample of the control condition 

at D2. *, P<0.05, **, P<0.01 and ***, P<0.001 compared to the respective control condition. 

Figure S9. Generation and validation of the TRami/Lgr5-EGFP/Rosa-Tomato animals 

and organoids. A, B) PCR analysis on gDNA from triple transgenic TRami/Lgr5-

EGFP/Rosa-Tomato organoids from previously tamoxifen (A) or oil (B) injected animals. 



Recombination of gDNA was evaluated after 4 days of culture and compared to controls 

(intestinal gDNA from TRami mice, intestinal gDNA from Lgr5-EGFP mice, PCR Mix). 

Combination of two (DE) or three (BDE) primers was used to amplify gDNA by PCR. In 

presence of Tamoxifen, 800bp amplicons were detected, revealing the presence of the 

recombined TRami allele (A) whereas they were not detected when mice were injected with 

oil (B). C) Effect of tamoxifen treatment on Trami/Lgr5-EGFP organoids. Organoids were 

established and maintained in control or treated with 4-OH Tamoxifen (0.2 mg/ml) and 

recovered after 3, 4, 5 and 6 days after treatment. RTqPCR analysis were performed to 

analyze expression levels of a direct TRα1 target (Ctnnb1), Wnt target (Ccnd1), Notch target 

(Hes1) and of SC markers (Lgr5, mTert, Ascl2, Olfm4). Histograms represent mean ± SD, 

N=4, after normalization with Ppib. *, P<0.05, **, P<0.01 and ***, P<0.001 compared to the 

control condition.

Figure S10. Phenotypic analysis of the TRami/Lgr5-EGFP/Rosa-Tomato organoids. A) 

Live GFP and RFP fluorescence analysis of fresh triple transgenic organoids established from 

oil-injected mice and observed after 2 days (D2), 4 days (D4) and 7 days (D7) of culture 

under an inverted Zeiss AxioVert microscope. No recombination can be observed in 

organoids established from oil-treated animals, confirmed by the absence of Tomato signal. 

Left: GFP, Middle: Tomato, Right: Brightfield. Pictures are representative of 2 independent 

experiments. Bar= 15μm, magnification insets 15μm. B) Time course of fresh crypts isolated 

from TRami/Lgr5-EGFP/Rosa-Tomato injected with oil or tamoxifen, as indicated. Crypts 

were treated (T3) or not (Control) and developing structures were observed after 1 day (D1), 2 

days (D2), 4 days (D4) and 7 days (D7) of culture. Pictures are representative of 2 

independent experiments. The insets focus on representative organoids cultured from each 

condition. Bar= 30μm, magnification insets 15μm.



Figure S11. Gene ontology and GSEA of the up regulated set. A,B) Gene Ontology (GO) 

terms enriched among genes showing increased (A) or decreased (B) expression upon 

treatment. GO enriched terms are summarized using REViGO (Supek et al, 2011). 
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a b s t r a c t

The gastrointestinal tract is a well-characterized target of thyroid hormones and thyroid hormone nu-
clear receptors TRs, as extensively described in the literature. The paradigm is its important remodelling
in amphibians during thyroid hormone-dependent metamorphosis. Interestingly, several studies have
described the conservation of this hormonal signal during intestinal development in mammals. Addi-
tional data suggested that it may also play a role in intestinal homeostasis, stem cell physiology and
progenitor commitment as well as in tumour development. It is worth underlining that in the
mammalian intestine the functionality of the TRa1 receptor is coordinated and integrated with other
signalling pathways, such as Wnt and Notch, specifically at the level of stem/progenitor cell populations.
Here, we summarize these data and concepts and discuss this new role for thyroid hormones and the
TRa1 receptor in the biology of intestinal epithelial precursor cells.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Thyroid hormones (THs), namely T3 and T4, are well known for
their pleiotropic effects. Indeed, they are involved in multiple
functions including metabolic processes, organism development
and tissue homeostasis (Mullur et al., 2014). Thyroxin or T4 rep-
resents the principal form of THs synthesised by the thyroid gland.
This production is directly controlled by the hypothalamo-
pituitary-thyroid axis through hormones such as the thyrotropin
realising hormone (TRH) and the thyroid-stimulating hormone
(TSH) (Wondisford, 2004). T4 is released into the bloodstream and
enters target cells that express TH transporters (Abe et al., 2002;
Visser et al., 2011). T4 can have specific functions within cells
(Davis et al., 2008, 2011), but its deiodination permits the synthesis
of T3, which is the natural ligand of the thyroid hormone nuclear
receptors TRs. TRs are actually T3-modulated transcription factors
displaying specific expression patterns and functionalities
depending on the tissue/cell context (Pascual and Aranda, 2013).
Two genes in mammals, THRA and THRB, generate different TR
isoforms through the use of different promoters or by alternative
splicing (Cheng, 2000). Interestingly, both THRA and THRB encode
bona fide nuclear receptors as well as proteins displaying a

dominant negative action, as a result of loss of specific functional
domains (Cheng, 2000). The balanced expression of the different
isoforms produced by the same locus, behaving in an antagonistic
manner, actively participates in maintaining tissue homeostasis
(Plateroti et al., 2001; Williams, 2000). From these observations, it
appears clearly how all levels of dysfunction in T3/TR-dependent
signalling, from the production of THs to the nuclear action, may
cause many kinds of disorders, including growth impairment,
delayed bone formation, dyslipidaemia, mental and motor devel-
opment pathologies (Brown et al., 2013; Juby et al., 2016; Sayre and
Lechleiter, 2012). For the specific aim of this reviewwewill focus in
particular on the importance of the T3-TRs in intestinal stem cell
physiopathology, which also includes cancer development.

Organ-specific adult stem cells are of crucial importance for the
maintenance of organ homeostasis (Mimeault and Batra, 2008).
Their peculiarity lies in their ability to self-renew and to differen-
tiate into specialized cell types in order to replace physiological cell
loss or to regenerate and repair a tissue after injury (Barker et al.,
2010; Mimeault and Batra, 2008; Williams and Hare, 2011; Yao
et al., 2012). The clinical potentialities of stem cells is a major
focus of medical research, especially in the field of regenerative
medicine and cancer. Consequently, in recent years several efforts
have been made to investigate stem cell biology and to explore
their benefits and applications in transplantation (Barker et al.,
2010; Mimeault and Batra, 2008; Williams and Hare, 2011; Yao
et al., 2012). In addition, cancer stem cells are being deeply inves-
tigated, as the cells at the origin of cancer development and
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maintenance (Abbaszadegan et al., 2016), for their specific target-
ing. In this context, the mammalian intestine represents a powerful
model to study organ-specific stem cells because of its high rate of
proliferation and regeneration (Beumer and Clevers, 2016). In fact,
crypt stem cells have become a very attractive model to study the
role of stem cells both in physiological and pathological conditions
(Li and Jasper, 2016).

Interestingly, the role of the THs and of the TRs on the stem cell
biology of several tissues are being increasingly documented
(Remaud et al., 2014; Sirakov et al., 2014; Sun et al., 2016; Swaroop
et al., 2010), given that they have been shown to control the balance
between cell proliferation and differentiation and cell fate decisions
(Kress et al., 2009b; Pascual and Aranda, 2013; Puzianowska-
Kuznicka et al., 2006). In mammals, stem cells of the central ner-
vous system, muscles, skin and embryonic stem cells represent
good examples of TH targets (Dentice et al., 2014; Lee et al., 2010;
Lemkine et al., 2005; Lopez-Juarez et al., 2012; Milanesi et al.,
2016; Tiede et al., 2010). The intestinal epithelium, the focus of this
review, is another well-established TH target (Henning et al., 1994;
Su et al., 1999). The importance of TH and of the TRa gene on in-
testinal physiology is evidenced by the fact that several diseases are
associated with TRa mutations and/or altered TH levels in both
human and animal models (Brown et al., 2013; Ebert, 2010; Kress
et al., 2010; Moran and Chatterjee, 2015; Sirakov and Plateroti,
2011; van Mullem et al., 2012). Regarding intestinal cancers, in
particular, experimental evidences support the concept that cancer
initiating cells -or cancer stem cells-derive from the transformation
of physiological stem cells and are at the origin of these cancers
(Barker et al., 2009). However, studies also indicate that a marked
plasticity is present within the intestinal crypts, suggesting that
other cells of origin may exist (Huels and Sansom, 2015). Despite
the accumulation of data, the role of THs and TRa1 in the biology of
the intestinal crypt cell populations needs to be more precisely
defined, in particular regarding their action on cell plasticity. This
need is further emphasized when considering the divergent effects
of this same hormone in physiological versus pathological condi-
tions (Brown et al., 2013; Sirakov et al., 2014; Skah et al., 2017). The
development of engineered mouse models (knockin, knockout,
reporter) together with the establishment of innovative cell culture
approaches have revealed important mechanistic insights into the
functions of THs in the intestinal epithelium. Here we summarize
the most important findings regarding their role in intestinal
physiology and stem cell biology.

2. Structure and functions of the intestinal epithelium

The mammalian intestine is a tubular organ that develops along
an anterior-posterior axis and is subdivided into two regions: the
small intestine and the colon. Three tissue layers constitute this
organ, i) an outer layer composed of smooth muscle mainly
involved in peristalsis which is controlled by the parasympathetic
nervous system, ii) a middle layer of fibrous connective tissue, the
submucosa, and finally iii) the inner layer or epithelium, directly in
contact with the intestinal lumen and organized in a single sheet of
polarized columnar cells (Randall et al., 2002).

The intestinal epithelium is responsible for the processing and
absorption of nutrients; its absorptive surface is strongly enhanced
by the presence of folds that in the small intestine (SI) appear as
finger-like protrusions into the lumen and invaginations into the
submucosa, the villi and the crypts of Lieberkuhn. In the colon, villi
are missing and the cells at the top of the crypts form a flat surface
(Stappenbeck et al., 1998). Interestingly, the vertical organization of
the epithelium recapitulates a functional organization. Indeed, the
villi (SI)/surface epithelium (colon) represent the differentiated
compartment of the intestinal epithelium in which specialized cell

types are located (Crosnier et al., 2006; Noah et al., 2011), including
absorptive cells, enteroendocrine cells and mucus-secreting goblet
cells. A fourth cell type is present only in the SI, the Paneth cells,
representing the only differentiated cells residing at the bottom of
the crypts. These cells are responsible for the secretion of antimi-
crobial peptides and involved in the maintenance of the stem cell
niche. The intestinal crypts represent the proliferative compart-
ment of the epithelium, in which stem cells (SC) and progenitors
are located and are responsible for the continuous renewal of the
epithelium (Barker, 2014; Stappenbeck et al., 1998). SCs are crucial
for intestinal homeostasis; through sophisticated and finely regu-
lated processes they are considered to be the architects of the entire
renewal of the epithelium, which is very rapid in mammals (4e5
days) and occurs continuously throughout life (Barker, 2014;
Stappenbeck et al., 1998). Under physiological conditions, SCs
self-renew and generate proliferative-committed progenitors that
proliferate and differentiate, while migrating toward the tip of the
axis, where they are finally exfoliated into the intestinal lumen after
death by apoptosis (Barker, 2014; Clevers, 2013). A finely tuned
crosstalk between several signalling pathways, including Wnt/b-
catenin, Notch, Hedgehog and bone morphogenetic protein (BMP)
(van der Flier and Clevers, 2009), participates in the regulation of
continuous self-renewal/proliferation/differentiation programs.
Together with these more traditional pathways, THs and TRs, the
specific focus of this review, play an important role in this network,
both during intestinal development and in adult homeostasis
(Kress et al., 2008; Plateroti et al., 1999, 2001). Of note, deregulation
of this signal has been associated with cancer development (Kress
et al., 2010).

2.1. The intestinal epithelium stem cells

The existence of intestinal epithelial SCs (ISC) has been proposed
by Cheng and Leblond (1974). They suggested that all epithelial
cells derive from a single stem cell residing in the intestinal crypts,
named crypt base columnar (CBC) cells. Successively, functional
approaches including labelling-retention, epithelial regeneration
analysis and lineage tracing studies showed that ISCs are essentially
quiescent in homeostatic conditions, are capable of generating all
differentiated epithelial cells and that they are located around
the þ4 positions from the bottom of the crypts (Potten, 1977;
Chwalinski et al., 1988; Bjerknes and Cheng, 1999). More recent
studies identified specific ISCs markers leading to important ad-
vances in the characterization of their role in intestinal homeo-
stasis, tissue repair and cancer development (Barker and Clevers,
2010). The most studied bona fide ISC marker is the leucine-rich-
repeat-containing G-protein-coupled receptor 5 (Lgr5), which is a
Wnt target with an expression domain restricted to the crypts.
Interestingly, using reporter mouse lines and lineage tracing ap-
proaches, Barker and colleagues (Barker et al., 2007) showed that
Lgr5 is expressed specifically in CBC cells and that these cells are
multipotent. However, conversely to the acquired notion on slow
cycling somatic stem cells, they demonstrated that CBCs cycle
actively every 24 h (Barker et al., 2007). A very elegant model of 3D-
single cell culture revealed that a single Lgr5-positive stem cell is
able to generate long-lived self-organising intestinal organoids,
both from SI and colon (Sato et al., 2009). Their rapid cycling makes
this population specifically implicated in the continuous renewal of
the epithelium and renders these cells more sensitive to environ-
mental stress. Interestingly, in agreement with the older studies, a
population of slow cycling ISCs also exists, located around the þ4
position of the crypts, that expresses several markers including
mTert, Bmi1 and Hopx (Montgomery et al., 2011; Sangiorgi and
Capecchi, 2008; Schepers et al., 2011; Takeda et al., 2011). Similar
lineage tracing strategies have been employed to follow the fate of
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the cells expressing these different markers and revealed that these
cells are also bona fide stem cells with the ability to self-renew and
give rise to all differentiated intestinal epithelium cell lineages
(Montgomery et al., 2011; Sangiorgi and Capecchi, 2008; Takeda
et al., 2011). Unlike CBC cells, however, this population is very
slow cycling and therefore more protected from exogenous insults.
It has been demonstrated that after the specific ablation of Lgr5-
positive ISCs, Bmi1-expressing ISCs undergo activation in order to
replenish CBC-type ISCs (Tian et al., 2011). As expected from their
properties, Lgr5-positive ISCs are also able to generate newþ4 stem
cells (Takeda et al., 2011). Therefore, a dynamic inter-relationship
between these two populations exists each of which exerts spe-
cific functions: one pool is involved in maintaining epithelium
homeostasis and its continuous renewal (high-cycling/CBC cells)
and the other pool represents a reservoir of ISCs specifically acti-
vated by injuries and responsible for the regeneration process. In
accordance with these observations, a mouse model expressing the
protein eGFP under the control of Musashi1's promoter, labelled
the two populations of ISCs and enabled to describe their differ-
ences in terms of position within the crypts, expression of ISCs
markers and cycling activity (Cambuli et al., 2013).

Altogether, these studies demonstrate the presence of a com-
plex stem-cell zone within the intestinal crypts, where the ISC
populations exhibit different characteristics and plasticity.

3. Models to study TH-TR in intestinal stem cell
physiopathology

A remarkable advance in our understanding of the different
functions played by THs and TR genes has been made, based on the
development of animal models recapitulating TH-linked disorders
in patients. Mouse models such as Pax8�/�, TTF1�/� and hyt/hyt
(C.RF/J-hyt/hyt mice) are well known examples of homozygote
gene alterations mimicking congenital hypothyroidism, that leads
to several degrees of TH-producing follicular cell aplasia or absence
of the thyroid gland (Green et al., 1988; Mansouri et al., 1998;
Montanelli and Tonacchera, 2010). The identification and study of
these mutations not only contributed to a better understanding of
endocrine diseases such as thyroid disgenesis but also in defining
the involvement of THs in the development and homeostasis of
different organs and tissues (Green et al., 1988; Mansouri et al.,
1998; Montanelli and Tonacchera, 2010). Moreover, these
different and thorough studies paved the way for genetic analyses
conducted in patients displaying TH-related pathologies. Indeed,
the characterization of the syndrome of resistance to thyroid hor-
mones (RTH) indicated the existence of mutations within THRA or
THRB genes (Dumitrescu and Refetoff, 2000; Moran and Chatterjee,
2015). Given that tissues express different levels of TRa or TRb re-
ceptors, the RTH symptoms differ according to a specific organ or
function analysed (Dumitrescu and Refetoff, 2000). Whereas TRb
predominates in the hypothalamus-pituitary axis, kidney and liver
(Flamant and Quignodon, 2010), TRa predominates in the heart,
central nervous system, skeletal muscles, bone and intestine
(Ortiga-Carvalho et al., 2014). When dealing with the RTH syn-
drome, the clinical picture is very different whether it depends on
THRA or THRB gene (Dumitrescu and Refetoff, 2000). Of note, while
the THRB mutations responsible for the RTHb syndrome were
characterized in the nineties (Refetoff et al., 1994), the RTHa syn-
drome has a shorter history, since the first THRA mutation was
characterized and the pathological traits described in a patient in
2012 (Bochukova et al., 2012).

Interestingly, mutations described in RTHb patients have been
introduced in mouse models and permitted the detailed analysis of
the importance of these mutations in different tissues/organs
(Picou et al., 2014). One example is represented by the TRami

mouse (Quignodon et al., 2007), a model engineered to control the
expression of a mutated receptor based on a point mutation
described in RTHb patients (Darimont et al., 1998; Feng et al., 1998).
This inducible (Cre/LoxP-dependent expression) mutated TRa1 re-
ceptor (TRa1L400R) is unable to release the corepressors and to
recruit coactivators, therefore exerting a dominant negative activ-
ity, both in the presence or in the absence of T3 (Flamant and
Quignodon, 2010; Quignodon et al., 2007). In these mice a
retarded development is observed in several tissues/organs, such as
the intestine, bone, and spleen hematopoietic cells, mimicking
congenital hypothyroidism inmice (Flamant and Quignodon, 2010).
All TRa1 dominant negative mouse models including TRa1L400R
(Quignodon et al., 2007), TRa1R438C (Tinnikov et al., 2002),
TRa1PV (Kaneshige et al., 2001), and TRa1P398H (Liu et al., 2007),
and similar THRb mutant mice (Picou et al., 2014) underline the
importance of TRs for the pleiotropic functions played by THs
during development, homeostasis and metabolism.

TRs are expressed in different organs not only during develop-
ment but also in adulthood, which might explain their different
functions during developmental or postnatal stages. In a complex
tissue, such as the intestinal epithelium, which is physiologically
rapidly regenerated, the importance of the TRa1 receptor has been
demonstrated, notably in controlling postnatal intestinal matura-
tion. Indeed, TRa�/- mice present abnormal intestinal morphology,
as assessed by a decrease in the number of epithelial cells and
proliferating crypt cells (Plateroti et al., 1999). Using TRa0/0 mice
(Gauthier et al., 2001), it was shown that TRa1 also participates in
maintaining intestinal homeostasis of the crypt progenitor/stem
cells through the regulation of the canonical Wnt pathway, by
controlling sFRP2 and b-catenin expression and stabilization (Fig.1)
(Kress et al., 2009a; Plateroti et al., 2006). Interestingly, TRa1 can
also control the Notch pathway (Fig. 1) (Sirakov et al., 2015), known
to be very important in intestinal SC biology and cell fate deter-
mination (Fre et al., 2011). Studies on an engineered mouse model
expressing TRa1 along the entire vertical epithelial axis (Kress et al.,
2010) showed that this overexpression is sufficient to trigger a
tumorigenic sequence in the murine intestinal epithelium (Kress
et al., 2010). These results suggest that in the intestinal epithe-
lium, as well as in other organs, the T3-TR pathway plays an
important role in development and homeostasis, but that its
deregulation can lead, on the one hand, to severe growth impair-
ment and on the other hand, to hyperplasia and cancer.

To further explore the impact of this pathway on the balance
between hypoplasia/hyperplasia and differentiation/proliferation,
the use of in vitro models is critical. In the case of the intestinal
epithelium several ex vivo models have been proposed, allowing in
depth cellular and molecular analyses (Chopra et al., 2010). Organ
cultures use small fragments of foetal or adult intestinal explants
maintained in standard culture media enriched in foetal calf serum
(Lorenzen et al., 2016). While offering some advantages, owing to
the presence of the different tissues composing the intestinal mu-
cosa, it was of limited interest in TH-TR studies. An ex vivomodel of
intestinal epithelium primary cultures has, however, been very
helpful and used in several studies aimed at defining in depth
mechanisms of action of T3 and TRa1 (Kress et al., 2009a; Plateroti
et al., 2006; Sirakov et al., 2015). The method has been highly
improved since 1992when Evans and colleagues (Evans et al., 1992)
succeeded in establishing a primary new-born intestinal crypt
culture system, in which epithelial cells adhered to collagen type-I-
coated tissue culture dishes. According to the approach, the cells
could be maintained in culture for several weeks (Evans et al.,
1992). Despite the fact that this model is not adapted to study
cell differentiation mechanisms, it is quite efficient for short-term
analyses dealing with cell proliferation and with precursor cell
biology. An improvement of this culture could be a co-culture
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model in which mesenchymal cells are present, enabling a recon-
struction of the complex epithelial-mesenchymal interactions
important for epithelial maturation (Fritsch et al., 2002; Plateroti
et al., 1997), as it has elegantly been documented in the case of
T3-dependent adult intestinal epithelium differentiation during
amphibian metamorphosis (Hasebe et al., 2016a; Wen et al., 2015).

4. The role of TH on intestinal physiology

4.1. TH and TRs in intestinal physiology

The role of THs in intestinal development was first determined
in studies on amphibian metamorphosis. In fact, during this post-
natal developmental program, the gastrointestinal tract undergoes
a dramatic remodelling, which includes a first phase of apoptosis
and successively a strong increase in cell proliferation (Brown and
Cai, 2007). As said in the previous section, the generation of ani-
mal models has strongly helped in defining the function of THs and
TRs in this organ (Sirakov and Plateroti, 2011). More importantly,
recent works described mutations in the TRa1 receptor in patients,
affecting its functionality. Interestingly, these mutations disturb the
intestinal functionality (Bochukova et al., 2012; van Mullem et al.,
2012).

Cellular TH availability, thus TR's functionality, depends on the
expression pattern of genes/proteins controlling TH signal recep-
tion and metabolism. The deiodinase selenoenzymes, which are
responsible for THs activation and inactivation (Bianco and Kim,
2006), are dynamically expressed during amphibian meta-
morphosis. In particular, at the climax the intestinal expression of

Dio2 increases and that of Dio3 decreases (Cai and Brown, 2004;
Ishizuya-Oka and Shi, 2005). The modulation of both Dio2 and
Dio3 expression can be correlated with increased levels of T3 that
in turn induce the cell proliferation within the developing adult
epithelium (Ishizuya-Oka and Shi, 2005). In mammals, the deio-
dinases are expressed at very low levels both during the intestinal
development and in adult stages (Bates et al., 1999; Sirakov et al.,
2012; Dentice et al., 2012). Regarding the expression of the TRs,
in the pre-metamorphic intestine of tadpoles TRa displays low
expression levels that remain almost unaltered all along the
metamorphosis. On the contrary, TRb, that is also slightly expressed
before the metamorphosis, is strongly induced by increased TH
levels (Ishizuya-Oka and Shi, 2005). Interestingly, both TRs play a
fundamental role during the entire gut remodelling processes (Das
et al., 2010). In mammals a clear function of TRb in the intestinal
development and/or homeostasis has not been established
(Plateroti et al., 1999), despite its expression in villus-associated
differentiated epithelial cells (Sirakov et al., 2014). A few reports
described that both TRa1 and TRb1 expression in the postnatal
intestine is developmentally regulated (Hodin et al., 1994; Plateroti
et al., 1999, 2006). Moreover, we showed that TRa1 is present
exclusively in the cells of the intestinal crypts and of the smooth
muscle layers (Plateroti et al., 1999, 2006; Kress et al., 2009a;
Sirakov et al., 2014).

According to the specific expression pattern, the analyses per-
formed in TRa and TRb knockout mouse models (Fraichard et al.,
1997; Gauthier et al., 1999, 2001; Plateroti et al., 2001) showed
that THs through the TRa1 receptor regulate the proliferation of
crypt epithelial precursors during the maturation at weaning as

Fig. 1. Proposed molecular model for the action of TRa1 on the Wnt and Notch pathways in intestinal crypt precursors. In the cells of intestinal crypts TRa1 regulates the expression
of several targets participating to the Wnt and Notch pathways. In the case of the Wnt pathway (right and left diagrams), the binding of TRa1 to TREs positively regulates the
expression of Ctnnb1 (encoding for b-catenin) and Sfrp2 genes. In turn, sFRP2 protein by interacting with the Wnt ligands (Wnt) and/or Frizzled receptors (Fzd) allows the
recruitment of the cytoplasmic protein Dishevelled (Dvl) and the subsequent stabilization of b-catenin. In fact, this cascade results in the blockage of the b-catenin degradation
complex and the translocation of b-catenin to the nucleus where it forms complexes with the transcription factor Tcf4, leading to the increased expression of Wnt-target genes. In
the case of the Notch pathway the action of TRa1 is exerted on two adjacent cells, one expressing Notch receptor(s) (left diagram) the other expressing Notch ligand(s) (right
diagram). The enhanced transcription and expression of Jag1 as well as the increased expression of Dlls (Dll1 and Dll4) in the ligand-expressing cell and of Notch1 on the adjacent
cell is responsible for Notch1-intracellular domain (NICD) cleavage by the g-secretases. NICD then translocates into the nucleus where it participates to the transcriptional
regulation of Notch-target genes by forming a complex with the RBP-J transcription factor. By consequence, while TRa1 and Wnt are active in both cell types, only the Notch-
expressing cells display an active Notch pathway. Dashed arrows indicate indirect regulation; full arrows indicate direct transcriptional regulation.
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well as at adulthood (Plateroti et al., 1999; rev. in Sirakov and
Plateroti, 2011). Interestingly, this regulation involves complex
gene networks that include the Wnt, Notch an BMP pathways
(Kress et al., 2009a).

Contrariwise to the data available for intestinal development,
the role of THs in adult intestinal physiology remained poorly
described and findings were limited to their function in metabolic
processes, such as the absorption and secretion of nutrients
(Henning et al., 1994; Jumarie and Malo, 1994; Matosin-Matekalo
et al., 1999). The characterization of mutations in the TRa1 recep-
tor in patients has clearly renewed the interest in studying this
receptor in the context of the RTHa syndrome and also provided a
novel view regarding the role of TRa1 in intestinal physiopathology.
The two original mutations described generate a non-functional
dominant negative receptor, which in fact blocks the functionality
of the WT TRa1 (Bochukova et al., 2012; van Mullem et al., 2012).
The patients present symptoms of hypothyroidism, including high
levels of circulating TSH, impaired bone maturation and brain
development. In addition, both patients suffer from altered intes-
tinal peristalsis, characterized in particular by reduced bowel
movements. The enteric nervous system through the smooth
muscle tissues controls these movements (Furness, 2012), opening
to new potential functions of TRa1 in the pathophysiology of these
tissues. One of the two studies analysed the histology of the colon
mucosa, but no overt abnormalities have been found (Bochukova
et al., 2012). This result strongly suggest that we need more
detailed studies to define the origin of the reduced bowel motility
due to the TRa1mutation. Interestingly, one of the first TRa-mutant
mouse model, the TRa-/- animals (Fraichard et al., 1997), lacking the
expression of TRa1 and TRa2 but retaining the expression of the
short TRDa isoforms, present a strongly reduced ileal muscular
activity together with a substantial reduction in the number of
intestinal epithelial proliferating cells. Given that all the pheno-
typical alterations of thesemice are stronger than that described for
the complete TRa (TRa0/0) or TRa1 knockouts (Gauthier et al., 2001;
Plateroti et al., 2001; Wikstrom et al., 1998), it is worth speculating
that in TRa-/- mice, the short isoforms, behaving as negative mod-
ulators of the TRs or of other nuclear receptors (Chassande et al.,
1997), might mimic the dominant negative activity of TRa1 muta-
tions described in patients.

4.2. THs and TRs in intestinal stem cell biology

As alreadymentioned in previous sections, increasing amount of
data are describing the role of the THs and of the TRs on the stem
cell biology (rev. in Remaud et al., 2014; Sirakov et al., 2014; Sun
et al., 2016; Swaroop et al., 2010). This is the case of mammalian
embryonic stem cells or of stem cells of the central nervous system,
muscles and skin (Dentice et al., 2014; Lee et al., 2010; Lemkine
et al., 2005; Lopez-Juarez et al., 2012; Milanesi et al., 2016; Tiede
et al., 2010), where TH-TR can control the balance between cell
proliferation and differentiation as well as cell fate decisions (rev. in
Kress et al., 2009b; Pascual and Aranda, 2013; Puzianowska-
Kuznicka et al., 2006).

In the case of the intestinal epithelial progenitor/stem cell
physiology, the focus of this review, several evidences support the
specific actions of TH-TRa1, given that they can influence their
proliferative capacity (Sirakov and Plateroti, 2011). In fact, the
regeneration of the intestinal epithelium in TRa0/0 mice exposed to
g-ray irradiation is strongly impaired (Kress et al., 2008), while the
targeted overexpression of TRa1 in the intestinal epithelium (vil-
TRa1 mice) promotes crypt hyperplasia, hyperproliferation and
adenoma development (Kress et al., 2010). It is worth underlying
that the aberrant villi architecture observed in these mice can be
due to increased crypt fission (Park et al., 1995), which directly

reflects an increased stem cell activity (Snippert et al., 2014). In
agreement with this assumption, TRa1 overexpression in a tumour-
prone model (vil-TRa1/Apc mice) accelerates the intestinal
tumorigenic process (Kress et al., 2010). Regarding the function of
TH in human gastrointestinal physiopathology, except for an effect
on bowel movements (Ebert, 2010), we have only limited, and
sometimes contradictory, data (Iishi et al., 1992; Rose and Davis,
1981). This is also the case for mutations or altered expression of
TRs in human gastric or colon cancers (Horkko et al., 2006; Lin et al.,
1996, 1997; Modica et al., 2010; Wang et al., 2002). In light of the
different sets of data from both animal models and human pa-
thology, we may speculate on an eventual reduction of the intes-
tinal epithelial cell proliferation in RTHa patients. This negative
action of the mutated TRa1 can have specific repercussions in the
case of intestinal pathologies needing intact proliferative capacities
of the precursor cells, such as epithelial regeneration after inflam-
mation (Koch and Nusrat, 2012).

A specific mechanism of TH-TR action on the intestinal stem cell
biology, which includes self-renewal andmultipotency, is emerging
and, as mentioned above, several findings support this action
(Sirakov et al., 2013, Sirakov et al., 2014). Indeed, the larval intes-
tinal epithelium of Xenopus tadpoles lacks stem cells, but they
emerge when the adult epithelium forms at the climax of the TH-
dependent metamorphosis (Ishizuya-Oka et al., 2009). Interest-
ingly, several genes that are suitable or putative markers of intes-
tinal epithelial stem cells in mammals are strongly and transiently
up-regulated by the increased TH levels during the process of stem
cell appearance (Shi et al., 2011). One of these markers, Musashi1, is
regulated by THs in both metamorphic gut in tadpoles and in
developing mouse intestine (Rezza et al., 2010). Of note, THs not
only induce the expression of common stem cell markers but also
activate the Wnt and Notch pathways in both developing models
(Kress et al., 2009a; Sirakov et al., 2015; Hasebe et al., 2016a, 2016b).
In addition, a recent study on human colon cancer stem cells
indicated a function of T3 in blocking stem cells and in inducing
their differentiation (Catalano et al., 2016). Interestingly, the acti-
vation of both Notch and BMP pathways has been shown in
accordance with the mentioned studies in mouse models (Kress
et al., 2009a; Sirakov et al., 2015).

5. Conclusions

Investigators have been studying the function of the THs for
over a century. In fact, TH and amphibian metamorphosis repre-
sented a key system for developmental biologists (Shi and Ishizuya-
Oka, 2001; Tata, 2006), and thyroid-related human pathologies
enabled scientists to understand the clinical consequences of
altered TH levels (Horsley, 1885; Ord, 1878; Pitt-Rivers, 1963; Ross,
1994). After a century this dogma has now been enlarged to studies
aimed at better characterizing the importance of these hormones
and of TRs in stem cell biology and cancer. Indeed, new concepts
have been proposed regarding the cross-regulations between TH-
TRs and other signalling pathways as well as their implication in
stem/progenitor cell biology, for instance in intestinal crypts. In
fact, recent studies illustrate that the TH is integrated with other
tissue-intrinsic signals at the level of the stem/progenitor crypt
cells (Ishizuya-Oka and Shi, 2012; Kress et al., 2009a), participating
in a complex signalling network (Kress et al., 2009a, 2010; Sirakov
et al., 2015) (Fig. 1). These cross-regulations are important not only
for stem/progenitor cell physiology but also, according to a new
emerging concept, for “cancer stem cell” biology (Vermeulen et al.,
2008). It is worth noting that even if debated (Huels and Sansom,
2015) the “stem cell origin” of intestinal tumours is now well
documented in animal models (Barker et al., 2009), and confirmed
in humans (Li and Jasper, 2016). In light of these emerging

C. Frau et al. / Molecular and Cellular Endocrinology 459 (2017) 90e9794



functions, we can attempt to alter the TH-TRa1 signal or its
reception specifically in stem/progenitor cells. Some interesting 3D
culture models are now proposed to generate pure epithelial
organoids (Date and Sato, 2015; Mahe et al., 2015; Sato et al., 2009)
or multi-tissue organoids generated by mixing epithelial and
mesenchymal cells (Ootani et al., 2009), both of which can be
transplanted into an injured mucosa where they are integrated and
participate in maintaining intestinal homeostasis (Shaker and
Rubin, 2012). These systems, in effect, can provide multiple appli-
cations not only for regenerative medicine but also as diagnostic
tests and disease modelling. Indeed, specific genes can be engi-
neered by using the new technology based on CRISPR/CAS9 editing
enzymes (Clevers, 2016) to repair or to introduce mutations. Alto-
gether, these new technologies will help address unresolved issues
concerning RTHs and other TH-linked human pathologies by
facilitating cognitive approaches as well as clinical trials.
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Slc2a1 
Import/export de 

glucose UP 0,39 

Slc2a6 
Import/export de 

glucose UP 1,98 

Slc2a5 
Import/export de 

glucose UP 1,21 

HK2 Hexokinase UP 1,56 

G6PC 
Glucose 

phosphatase UP 2,03 

Gpi 
Glucose 

isomérase inchangé 0 

Pfkp 
Fructokinase 

(F1,6BP) UP 0,99 

AldoB Aldolase UP 1,01 

Pfkfb3 
Fructokinase 

(F2,6BP) UP 0,94 

Pfkfb2 
Fructokinase 

(F2,6BP) UP 0,52 

Pkm P. kinase UP 0,91 

Ldha 
Lactate 

déhydrogénase UP 0,55 

Mpc2 
Transporteur 

mitochondrial de P.  UP 0,42 

Pdhb P. Déhydrogénase UP 0,93 

Dlat 
Composant complexe 

P. dehydrogénase UP 0,7 

Pdhx P. Déhydrogénase UP 0,25 

Glycolyse 

Métabolisme du pyruvate 

Fbp2 Fructose-Bisphosphatase2 DOWN -0,2 

Khk Ketohexokinase UP 0,35 

AldoB Aldolase UP 1,01 

Dak Dihydroxyacétone kinase inchangé 0 

Gpd1 
Glycerol-3-Phosphate 

Dehydrogenase 1 UP 0,83 

Gpd2 
Glycerol-3-Phosphate 

Dehydrogenase 2 UP 0,76 

tkf triokinase UP 0,63 

Dgkd Diacylglycerol Kinase  UP 0,15 

Dgka Diacylglycerol Kinase  UP 0,65 

Acot1 
Acyl-coenzyme A thioesterase 

1 DOWN -6,95 

Acot7 
Acyl-coenzyme A thioesterase 

7 UP 0,77 

Acot13 
Acyl-coenzyme A thioesterase 

13 UP 0,45 

Acot4 
Acyl-coenzyme A thioesterase 

4 DOWN -1,04 

Fructose->Glycéraldhéyde 

Cycle de Krebs & Malate OXPHOS 
Cs citrate synthase UP  0,48 

Aco2 Aconitase UP  0,33 

Idh3a Isocitrate déhydrogénase UP 0,55 

Idh3b Isocitrate déhydrogénase UP 0,11 

Idh2  Isocitrate déhydrogénase DOWN -0,55 

Ogdh Oxoglutarate déhydrogénase UP 0,5 

Sucla2 Succinyl-coenzyme A synthétase UP 0,62 

Sdha Succinate déhydrogénase UP 0,22 

Sdhb Succinate déhydrogénase UP 0,34 

Sdhd Succinate déhydrogénase UP 0,38 

Fh Fumarase hydratase inchangé 0 

Mdh2 Malate déhydrogénase (mito.) UP 0,54 

Mdh1 Malate déhydrogénase (cyto.) UP 0,32 

Got2 
Aspartate aminotransférase 

(mito.) UP 0,22 

Got1 
Aspartate aminotransférase 

(cyto.) UP 1,13 

Pc pyruvate carboxylase inchangé 0 

Slc25a11 Import malate vers la Mito.  UP 0,29 

Slc25a13 Export aspartate vers le cyto. inchangé 0 

Acadm 
Acyl-CoA Dehydrogenase Medium 

Chain inchangé 0 
Acad9 Acyl-CoA Dehydrogenase DOWN -0,13 

Acad10 Acyl-CoA Dehydrogenase inchangé 0 

Acads 
Acyl-CoA Dehydrogenase short 

chain DOWN -0,39 

Acadsb 
Acyl-CoA Dehydrogenase short 

branched  DOWN -0,62 
Acadl Acyl-CoA dehydrogenase long chain DOWN -1,28 
Ech1 EnoylcoA hydratase DOWN -0,39 

Echdc2 
Enoyl-CoA hydratase domain 

containing 2 DOWN -0,59 
Hadha Hydroxyacyl-CoA dehydrogenase DOWN -0,71 
Hadhb Hydroxyacyl-CoA Dehydrogenase DOWN -0,32 
Acaa1a 3-ketoacyl-CoA thiolase  DOWN -0,24 
Acaa1b 3-ketoacyl-CoA thiolase  inchangé   
Acaa2 3-ketoacyl-CoA thiolase DOWN -1,01 

        
Cpt1a Carnitine Palmitoyltransferase type1 UP 1,71 
Cpt2 Carnitine palmitoyltransférase type 2 Down -0,28 

Acaca Acetyl-CoA carboxylase  inchangé 0 
Mlycd Malonyl décarboxylase inchangé 0 
Mcat S-malonyltransferase inchangé 0 

Oxydation des acides gras 

Acaa1a 
AcétylcoA acétyl 

transférase DOWN -0,24 

Acaa2 
AcétylcoA acétyl 

transférase DOWN -1,01 

Hmgs2 HmgcoA synthase DOWN -6,95 

Hmgcr HmgcoA réductase UP 0,41 

Mvk Mévalonate kinase 
inchan

gé   

Pmvk 
Phosphomévalonate 

kinase UP 0,42 

Fdft1 Squalène synthase UP 0,31 
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