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The thyroid hormone nuclear receptor TRα1 controls the Notch
signaling pathway and cell fate in murine intestine
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ABSTRACT
Thyroid hormones control various aspects of gut development and
homeostasis. The best-known example is in gastrointestinal tract
remodeling during amphibian metamorphosis. It is well documented
that these hormones act via the TR nuclear receptors, which are
hormone-modulated transcription factors. Several studies have
shown that thyroid hormones regulate the expression of several
genes in the Notch signaling pathway, indicating a possible means by
which they participate in the control of gut physiology. However, the
mechanisms and biological significance of this control have remained
unexplored. Using multiple in vivo and in vitro approaches, we show
that thyroid hormones positively regulate Notch activity through the
TRα1 receptor. From a molecular point of view, TRα1 indirectly
controls Notch1, Dll1, Dll4 and Hes1 expression but acts as a direct
transcriptional regulator of the Jag1 gene by binding to a responsive
element in the Jag1 promoter. Our findings show that the TRα1
nuclear receptor plays a key role in intestinal crypt progenitor/stem
cell biology by controlling the Notch pathway and hence the balance
between cell proliferation and cell differentiation.

KEYWORDS: Intestinal epithelium,Notchpathway, Thyroidhormones,
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INTRODUCTION
The intestinal epithelium is a very dynamic tissue that is
continuously renewed by stem cells and committed progenitors
located in the crypts of Liberkühn (reviewed by Stappenbeck et al.,
1998; Barker et al., 2010). Its development and homeostasis involve
several signaling pathways, includingWnt, Hedgehog, Notch, BMP
and thyroid hormones (THs) (reviewed by Sirakov and Plateroti,
2011; van der Flier and Clevers, 2009). By cross-regulating each
other, these pathways maintain the balance in physiological
conditions among key biological processes such as proliferation,
differentiation and apoptosis. Importantly, their dysregulation is
correlated with the induction and/or progression of pathologies such
as colorectal cancer (Fre et al., 2009; Sirakov et al., 2012; Kress
et al., 2010; reviewed by Radtke et al., 2006).
TH signaling is a key regulator of gastrointestinal development

and homeostasis in both amphibians and mammals, where it

regulates postnatal development (reviewed by Sirakov and Plateroti,
2011; Shi et al., 2011). THs act via the thyroid hormone nuclear
receptors (TRs), which belong to the nuclear hormone receptor
transcription factor superfamily (reviewed by Robinson-Rechavi
et al., 2003) and are modulated in their activity by the hormone
triiodothyronine (T3) (reviewed by Chin and Yen, 1996; Oetting
and Yen, 2007). The TRs are encoded by the Thra and Thrb loci
(Robinson-Rechavi et al., 2003), which produce several protein
isoforms through the use of different promoters and alternative
splicing (Chin and Yen, 1996; Oetting and Yen, 2007). In the
case of the Thra gene, the TRα1 isoform is the only T3 nuclear
receptor encoded by the locus (Oetting and Yen, 2007). TRs
regulate the transcription of target genes by binding to specific DNA
sequences termed thyroid hormone response elements (TREs) in a
T3-independent manner; after T3 binding, co-repressors are
released and co-activators recruited, promoting target gene
transcription (Oetting and Yen, 2007). Studies on Thra and/or
Thrb knockout animals showed that intestinal TH signaling is
essentially mediated by TRα1 to control crypt cell proliferation
(Plateroti et al., 1999, 2006). Notably, THs also affect the
expression of several genes in the intestinal crypts (Kress et al.,
2009) that have been described in the stem cell signature defined by
the Lgr5 marker (Muñoz et al., 2012).

Our previous studies showed a complex functional interaction
between TH-TRα1 andWnt (Sirakov et al., 2012; Kress et al., 2010;
Plateroti et al., 2006); however, we also collected evidence that THs
control the expression of several genes of the Notch pathway (Kress
et al., 2009). Importantly, together with the canonical Wnt pathway,
Notch is currently receiving great attention because of its
involvement in both intestinal development and cancer
(VanDussen et al., 2012; Peignon et al., 2011; reviewed by
Horvay and Abud, 2013). The Notch pathway acts through cell-cell
interaction between a membrane-bound ligand belonging to the
Jagged and Serrate protein family and a Notch membrane-bound
receptor. After their interaction, the intracellular portion of the
Notch receptor undergoes two consecutive proteolytic cleavage
events, and the resulting active Notch intracellular domain (NICD)
translocates into the nucleus and complexes with RBP-J or CSL
transcription factors to regulate the expression of Notch target genes
(Artavanis-Tsakonas et al., 1995). In the murine intestine, Notch
signaling controls cell fate determination (reviewed by Fre et al.,
2011a; Noah and Shroyer, 2013; Sancho et al., 2015). Specifically,
Notch inhibition reduces crypt cell proliferation and induces
secretory cell hyperplasia (van Es et al., 2005; Riccio et al., 2008;
Pellegrinet et al., 2011); conversely, its constitutive activation
expands the proliferative zone and represses secretory cell
differentiation in developing and adult intestine (Fre et al., 2005,
2009).

Interestingly, in studies on the postnatal developing gut in the
mouse or on various organs of amphibians during TH-dependentReceived 12 January 2015; Accepted 10 July 2015
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metamorphosis, TH signaling has been shown to control several
components of the Notch pathway (Kress et al., 2009; Buchholz
et al., 2007; Mukhi and Brown, 2011; Sun et al., 2013; Das et al.,
2006). However, it is not clear whether this control results in
Notch activation, and the mechanisms of such regulation and
its biological significance have remained largely unknown.
Using cellular and molecular approaches in both in vivo and
in vitro systems, we show here that TH, via the TRα1 nuclear
receptor, positively modulates the Notch pathway in mouse
intestinal crypts. This control is responsible for balanced
epithelial differentiation and finally for correct development and
homeostasis of this tissue.

RESULTS
THs activate the Notch pathway in vivo and in vitro
To test whether THs could modulate the Notch pathway, we used
Hes1-EmGFPSAT Notch-reporter mice (Fre et al., 2011b) to analyze
the responsiveness of the transgene to alterations in TH levels.
Notably, GFP expression in these mice mirrors that of Hes1, a
known Notch target gene. Interestingly, we observed a significant
increase in GFP expression at both the mRNA and protein levels in
TH-injected reporter mice compared with untreated animals
(Fig. 1A,B).
To monitor the responsiveness in vitro to TH-TRα1, we used a

Notch-responsive luciferase reporter system containing RBP-J
binding sites (Peignon et al., 2011). These experiments were
performed in Cos7 and Caco2 cell lines in which RBP-J-luc was
transfected together with the Notch1 intracellular domain (NICD)
and TRα1 alone or in combination. For each condition, the cells
were maintained in T3-depleted serum with and without the
addition of T3 (Fig. 1C). As expected, in both cell lines transfected
only with the RBP-J-luc vector (the control condition), T3 treatment
failed to have an effect compared with untreated cells. Cells
transfected with NICD alone (considered to be the positive control)
showed a strong and significant increase in luciferase activity
compared with untreated cells. Moreover, whereas Cos7 cells were
unresponsive to T3 treatment because of the absence of TR
expression in these cells, Caco2 cells expressing TRα1 (Matosin-
Matekalo et al., 1999) showed a significant increase in luciferase
activity upon T3 treatment (Fig. 1C). In both cell lines transfected
with TRα1, T3 treatment significantly induced luciferase activity
compared with untreated cells. Finally, and intriguingly, when cells
were co-transfected with TRα1 and NICD, we observed a further
significant increase in luciferase activity when compared with the
NICD-transfected cells. The addition of T3 to the culture medium
significantly further induced luciferase activity compared with
untreated cells. This same trend of RBP-J-luciferase activity
co-regulation by TRα1 and NICD was confirmed in cells
maintained in culture medium containing untreated serum and
hence physiological levels of THs (Samuels et al., 1979)
(supplementary material Fig. S1). Finally, we also co-transfected
both cell lines with a Tcf7l2 dominant negative expression vector
(indicated as Tcf4DN) and excluded any involvement of the Wnt
pathway in the T3-TRα1-dependent response of Notch activity in
vitro (supplementary material Fig. S1).

Several components of the Notch pathway respond to TH
treatment in vivo and display epithelial cell-autonomous
regulation
According to the literature, several Notch components are expressed
in the intestinal epithelium (Sander and Powell, 2004; Schröder and
Gossler, 2002). We investigated their expression by RT-qPCR in the

whole intestinal mucosa from 1-month-old wild-type (WT) and
TRα0/0 mice, which are devoid of all isoforms produced from the
Thra locus (Gauthier et al., 2001). The mRNA levels of Notch1 and
its target Hes1 significantly increased upon TH treatment in WT
animals (Fig. 2A,B). These data confirm the observations described
above for Hes1-EmGFPSAT reporter mice. Notch2 mRNA levels,
however, did not change upon TH injection into WT animals
(supplementary material Fig. S2A). We completed our analysis by
verifying the expression of Notch ligands, including Jag1, Jag2,
Dll1 and Dll4. We observed a strong and significant increase in

Fig. 1. Notch activity can be modulated by TH-TRα1 in vivo and in vitro.
(A,B) Hes1-EmGFPSAT Notch-reporter mice were treated, or otherwise, with
TH, and GFP expression was analyzed. (A) RT-qPCR study of GFP mRNA
expression levels (after normalization with Ppib) in the intestine. n=4; *P<0.05,
compared with the untreated animals. (B) (Top) Western blot analysis of GFP
protein levels in the intestines of three animals per condition. Actin was used as
a loading control. (Bottom) GFP levels as obtained by densitometry analysis
(ImageJ) and normalized to actin. n=3; *P<0.01, compared with the untreated
animals. Dotted black line indicates a cut and junction of two parts of the same
membrane. (C) The RBP-J-luciferase reporter was transfected into Cos7 cells
(top) or Caco2 cells (bottom) alone (Control) or together with TRα1 and/or
NICD expression vectors, as indicated, in the absence or presence of T3.
Pictures are representative of two independent experiments each conducted
on six replicates. n=6; *P<0.05 and **P<0.01 compared with the untreated
condition (–T3); $P<0.05, $$P<0.01 and $$$P<0.001 compared with the control
condition; ##P<0.01 compared with the NICD condition. All bar charts show
mean±s.d. The small inset bar charts above Control and TRa1 conditions show
the data on different scales.
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Jag1, Dll1 and Dll4 mRNAs upon TH treatment of WT mice
(Fig. 2C-E), whereas no differences were observed for Jag2mRNA
(supplementary material Fig. S2B). Interestingly, in TRα0/0 animals
there was no response to TH treatment for the entire set of genes
analyzed, and their overall expression levels in the control condition
were significantly lower than those in the WT (Fig. 2). These results

clearly indicate that TRα1 is the T3 receptor involved in the
modulation of the genes analyzed, in accord with its major role in
crypt cell physiology (Plateroti et al., 1999) and with its expression
domain (supplementary material Fig. S3).

We used an intestinal epithelial primary culture approach to
evaluate whether Notch1, Hes1, Jag1, Dll1 and Dll4 mRNA levels
were regulated by T3 in an epithelium-autonomous manner. The
cells were treated, or otherwise, with T3 for 6 h (early
responsiveness) or 24 h (late responsiveness). Notch1 mRNA
levels did not change in T3-treated compared with untreated cells
(Fig. 3A), in contrast to the increase observed in TH-treated animals.
The lack of Notch1 mRNA induction by T3 in isolated epithelial
cells suggests that complex cell-cell interactions (i.e. epithelial-
mesenchymal interactions; reviewed by Kedinger et al., 1998)
might be responsible for its stimulation in the whole mucosa. By
contrast, Hes1, Dll1 and Dll4 mRNAs were upregulated by 24 h
T3 treatment but were not affected by short-term T3 treatment
(Fig. 3B-D). Interestingly, Jag1mRNA expression was significantly
increased in primary cultures after both short-term and long-term T3
treatment (Fig. 3E).

TRα1 binds to the Jag1 promoter in vitro and in vivo
To investigate whether Dll1, Dll4, Hes1 and Jag1 might be
transcriptional targets of TRα1, we used Nubiscan software (http://
www.nubiscan.unibas.ch) to search in silico for putative TRα1
binding sites (TREs) within these genes. However, in accordance
with its early T3 responsiveness, we could map potential TREs
(TRE1, 2 and 3) only within the Jag1 promoter (supplementary
material Fig. S4A), and these TREs were subsequently investigated
for TRα1 binding in vitro byEMSA.Weobserved that TRα1 binds to
TRE1 and TRE3 (supplementary material Fig. S4B), and could
exclude specific TRα1 binding to TRE1 on chromatin in vivo
(Fig. 4A). Thus, for in-depth EMSA analyses we focused on TRE3
(hereafter termed Jag1-TRE3) (supplementary material Fig. S5).
TRα1 binds to this site as a monomer, as a homodimer or as a
heterodimer in combination with its physiological partner RXRα
(supplementary material Fig. S5A), as expected from the literature
(Oetting and Yen, 2007), similar to the well-characterized Ctnnb1-
TRE (supplementary material Fig. S5C) (Plateroti et al., 2006). The
binding can be outcompeted with an excess of cold probe and can be
supershifted by adding an anti-TRα1 antibody (supplementary
material Fig. S5A,C). Finally, TRα1 could not bind a mutated
version of the Jag1-TRE3 sequence (supplementary material
Fig. S5B).

To confirm that TRα1 can bind the Jag1-TRE3 in vivo, we used a
ChIP approach. The ChIP assay was performed on fresh epithelial
preparations from WT mouse intestine using anti-TRα1, anti-TRβ1
or rabbit IgG (negative control). As shown in Fig. 4A, TRα1, but not
TRβ1, bound to the Jag1 promoter region containing the Jag1-
TRE3 site but did not bind to the TRE1 sequence that is located 3 kb
upstream of Jag1-TRE3. The percentage of TRα1 binding in vivo
was similar to that previously described for Sfrp2-TRE (Kress et al.,
2009) or Ctnnb1-TRE (Plateroti et al., 2006) (Fig. 4A); no specific
binding was detected on the villin 1 (Vil1) or Rplp0 gene promoters
(Fig. 4A). Interestingly, when we compared the human and mouse
Jag1 genes using the VISTA browser (http://pipeline.lbl.gov/cgi-
bin/gateway2), the Jag1-TRE3 site was the only conserved element
among the three TREs identified by Nubiscan (Fig. 4B).

Jag1 expression pattern in intestinal crypts
The pattern of Jag1 mRNA expression in intestinal crypts has been
investigated previously (Sander and Powell, 2004). However, we

Fig. 2. THs activate mRNA expression of several components of the
Notch pathway in the intestine via the Thra gene. RT-qPCR experiments
were performed to analyze the expression of Notch1 (A), Hes1 (B), Dll1 (C),
Dll4 (D) and Jag1 (E) in WT (white bars) and TRα0/0 (gray bars) animals
treated, or otherwise, with TH as indicated. Expression has been normalized to
Ppib. Mean±s.d.; n=3. *P<0.05, **P<0.01 and ***P<0.001 compared with the
WT control animals; ###P<0.001 compared with the TH-treated WT animals.
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have only limited information with respect to its expression at the
protein level in different crypt cell populations (precursors versus
Paneth cells).We took advantage ofHes1-EmGFPSATNotch-reporter
mice and used an in toto crypt immunolabeling protocol (Bellis et al.,
2012) to perform multiple immunostainings. This allowed us to
analyze the relationship between Jag1-expressing cells and GFP/
Hes1-positive cells (i.e. stem and absorptive progenitor cells; Fre
et al., 2011b), Dll1-expressing secretory progenitor cells (van Es
et al., 2012) and lysozyme-expressing Paneth cells (Fig. 5).

Interestingly, two different pools of crypt cells were positive for
Jag1 at the level of the basal and lateral membranes (Fig. 5A,B). One
pool was located in the superior portion of the crypts adjacent or
corresponding to GFP/Hes1-expressing cells (Fig. 5A, high
magnification). The other pool was located at the crypt bottom
adjacent to GFP/Hes1-positive cells, which correspond to the
columnar basal stem cells (CBCs) (Fre et al., 2011b) (Fig. 5B, high
magnification). Interestingly, we observed a partial overlap between
Jag1-positive and Dll1-positive cells (supplementary material
Fig. S6), with some cells clearly expressing Dll1 only
(supplementary material Fig. S6B). It is worth noting that the
GFP/Hes1-positive cells also expressed the Ki67 proliferation
marker (supplementary material Fig. S7A), further confirming that
these cells are precursors (progenitors and stem cells). Moreover,
combining GFP/Hes1, Jag1 and lysozyme immunolabeling, we
observed that GFP/Hes1 staining did not colocalize with lysozyme,
confirming that the GFP/Hes1-expressing cells at the crypt bottom
are indeed the CBCs (Fre et al., 2011b) (Fig. 5A-C; supplementary
material Movie 1). In this same subcompartment, Jag1 staining
appears to be present between lysozyme-expressing Paneth cells and
GFP/Hes1-expressing CBCs (Fig. 5A-C; supplementary material
Movies 2 and 3).

The same immunolabeling approach in TRα0/0 crypts did not
allow visualization of Jag1 protein because of the very low
expression level. In addition, it did not reveal any qualitative
differences in Jag1 staining between Hes1-EmGFPSAT mice
injected, or otherwise, with TH (not shown). However, increased
levels of Jag1 protein were observed by western blot in WT animals
injected with TH (supplementary material Fig. S8).

The Thra gene controls balanced intestinal epithelial
differentiation
Our previous observations of TRα0/0 animals indicated a strong
defect in intestinal crypt cell proliferation, causing a shortening of
the crypt-villus axis compared with age-matched WT animals
(Gauthier et al., 2001; Plateroti et al., 2001). However, we had little
data about cell type differentiation. To link TH-TRα1 action on
Notch activity with its relevance in intestinal physiology, we
investigated in more detail the balance between cell proliferation
and cell differentiation in 1-month-old WT and TRα0/0 mice in both
the proximal jejunum and the distal ileum (Fig. 6; supplementary
material Fig. S9).

First, we confirmed the reduced number of epithelial cells and the
reduced rate of crypt cell proliferation in TRα0/0 mice compared
with WT animals (supplementary material Fig. S9A,B). Next, by
focusing on the differentiation capacities of the major epithelial cell
types, we found unbalanced absorptive versus secretory cell type
differentiation in TRα0/0 animals. The percentage of alkaline
phosphatase-expressing absorptive cells (enterocytes) was
significantly decreased, and a significant overall increase was
observed in the number of both secretory lysozyme-positive
(Paneth) and periodic acid-Schiff (PAS)-stained (goblet) cells in
TRα0/0 compared with WT animals (Fig. 6A,B; supplementary

Fig. 3. Intestinal epithelial cell-autonomous response to TH. Intestinal
epithelial primary cultures were used to analyze by RT-qPCR the mRNA
levels of Notch1 (A), Hes1 (B), Dll1 (C), Dll4 (D) and Jag1 (E). Cells were
maintained in control conditions or treated with T3 for 6 h (white bars) or 24 h
(gray bars). Expression has been normalized to Ppib. Results are
representative of two independent experiments, each conducted in triplicate.
Mean±s.d.; n=3. *P<0.05 and **P<0.01 compared with the respective control
condition.
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material Fig. S9C,E). The percentage of secretory chromogranin
A-positive cells (enteroendocrine) was increased in both the
proximal jejunum and the distal ileum, but it reached statistical
significance only in the latter region (Fig. 6A,B; supplementary
material Fig. S9D). RT-qPCR analysis of differentiation markers
further confirmed the results obtained by immunochemical or
histochemical staining (supplementary material Fig. S10). In
summary, these results show a perturbed balance of both cell
proliferation and cell differentiation in the intestinal epithelium of
TRα0/0 animals.

Jag1 links TH-TRα1 and Notch pathway activity in epithelial
precursors in vitro
Finally, we investigated whether a direct functional link exists
between TH-TRα1-dependent Jag1 regulation and Notch activation
in intestinal precursors. We used the intestinal epithelial primary
cultures maintained in the control condition or treated with T3 for

24 h alone or together with a Jag1-blocking antibody, or an anti-
GFP antibody (considered as negative control). Of note, the anti-
Jag1 antibody used specifically recognizes the extracellular epitope
that interacts with Notch receptors, blocking their interaction as
already described (Saravanamuthu et al., 2009).

Immunolabeling experiments showed the presence of Jag1
essentially in all epithelial cells (Fig. 7A; supplementary material
Fig. S11A). At the mRNA level, the treatment with T3 induced
the expression of Jag1 compared with the control condition, and
independently of any blocking treatments (supplementary
material Fig. S11B). In these same conditions we also
analyzed Hes1 expression, which is considered as the readout
of Notch activity (Fig. 7B,C; supplementary material Fig. S11B).
Interestingly, the cells treated with T3 showed a significant
increase in the percentage of nuclei expressing Hes1 compared
with control cells. However, in cells co-treated with T3 and the
anti-Jag1 antibody this percentage was significantly decreased

Fig. 4. Chromatin occupancy by
TRα1 on the conserved Jag1-TRE3.
(A) ChIP analysis was performed with
chromatin isolated from freshly
prepared intestinal epithelial cells from
WTmice and immunoprecipitated with
anti-TRα1, anti-TRβ1 or rabbit IgG
(negative control). qPCR was
performed using specific primers
covering the Jag1-TRE3 and the
Sfrp2-TRE or the Ctnnb1-TRE
(positive controls). Non-specific
enrichment of TRα1 was evaluated on
Jag1-TRE1, and on the Vil1 (villin 1)
andRplp0 (36B4) promoters (negative
controls); the Ppia gene was used as
an internal control. Mean±s.d. (n=3) of
the specific DNA enrichment in each
sample immunoprecipitated with the
indicated antibody, expressed as a
percentage of the starting input.
(B) Alignment of human JAG1 and
mouse Jag1 genes, including the
respective coding regions and 10 kb of
the promoters, by VISTA alignment.
The Jag1-TRE3 sequence is present
in the promoters of both species and is
very highly conserved (94%) (bottom
panel). Its position in human and
mouse is: human TRE, –1532 from
ATG, –959 from exon 1; mouse TRE,
–1479 from ATG, –1183 from exon 1.
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Fig. 5. Pattern of Jag1 expression in the intestinal crypts. (A-C) Whole-crypt immunostaining for Jag1 (red), GFP/Hes1 (green), lysozyme (cyan or magenta)
and DNA, as indicated. Images in A and B show maximum intensity projections of three consecutive focal planes (z=0.42 µm). Black and white images in upper
panels show each single labeling. Images in C show an intestinal crypt imaged from the bottom; each image represents the maximum intensity projection of five
consecutive focal planes (z=0.47 µm). The differences in staining intensity between A and B are due to the different working distances at which the images have
been acquired. The arrow in A indicates non-specific staining. Asterisks and hashes in A and B indicate GFP-positive and GFP-negative cells, respectively.
The boxed regions are magnified to the left (A) or beneath (B). The arrows in C indicate Jag1 staining between Paneth cells and GFP-expressing cells.
Scale bars: 10 µm.
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compared with the T3-treated cells. The action of the anti-Jag1
antibody was specific, given that we did not observe any
interference by the anti-GFP antibody (Fig. 7B,C; supplementary
material Fig. S11A). The analysis of Hes1 mRNA levels
paralleled the observations of Hes1 immunostaining (Fig. 7B
versus supplementary material Fig. S11B); as expected, no
differences in Notch1 mRNA expression were observed in the
different culture conditions (supplementary material Fig. S11B).

DISCUSSION
Notch is an evolutionarily conserved and crucial pathway with a
pivotal role in cell fate determination in multiple tissues (Artavanis-
Tsakonas et al., 1995; Jensen et al., 2000; Fre et al., 2011a).
Interestingly, during TH-dependent metamorphosis in Xenopus
laevis, several components of the Notch pathway are
transcriptionally modulated, as observed in newly forming zones
of the nervous system corresponding to postnatal neurogenesis (Das

Fig. 6. TRα0/0 mice display unbalanced
epithelial cell differentiation. (A) Analysis of
different differentiation markers in proximal
jejunum and distal ileum sections of WT and
TRα0/0 mice. Lysozyme-positive (Paneth) and
chromogranin A (ChA)-positive
(enteroendocrine) cells were analyzed by
immunolabeling. The images show merged
differentiation marker (red) and nuclear staining
(blue). Mucus-producing goblet cells were
stained with PAS; alkaline phosphatase activity
labeled the enterocytes. The double-headed
arrow indicates alkaline phosphatase-positive
cells per villus axis. Scale bars: 30 µm. (B)
Quantification of cells positive for each marker in
the crypt-villus axes. Approximately 30 axes
were scored under the microscope from at least
four mice per genotype; mean values for the
percentages of specific cell types are shown.
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et al., 2006) or during the intestinal remodeling that occurs when the
animal adapts from a vegetarian to a carnivorous diet (Das et al.,
2006). In both cases, however, no in-depth analysis has been
performed to determine the mechanisms of this regulation or its
biological significance. We show here that, in the murine intestine,
TH signaling through the TRα1 nuclear receptor controls the Notch
pathway via complex epithelial cell-autonomous and non-
autonomous gene regulation, which also includes direct
transcriptional control of the Jag1 gene. The functional
consequence of this complex control is clearly revealed in TRα0/0

animals, which display an unbalanced cell fate, in accordance with
the well described function of the Notch pathway in intestinal
epithelial cell fate determination (reviewed by Fre et al., 2011a;
Koch et al., 2013; Noah and Shroyer, 2013; Perdigoto and Bardin,
2013).
Previous findings in inducible animal models highlighted the

involvement of Dll1 and Dll4 ligands in modulating Notch activity
in the adult intestine (Pellegrinet et al., 2011); in this same setting,
Jag1 appeared to play only a marginal role (Pellegrinet et al., 2011).
It is worth underlining, however, that this work is based on
conditional animal models, and the mutations were induced in the
adult intestine and for a limited length of time, which might
attenuate the phenotypes. In fact, increased Jag1 expression and its
participation in intestinal Notch activity have clearly been
established in pathological conditions, such as inflammation or
cancer (Imaeda et al., 2011; Rodilla et al., 2009; Dai et al., 2014).
Interestingly, Jag1 responds at the transcriptional level to different
stimuli/transcription factors that are important for intestinal

development and homeostasis, such as Wnt (Peignon et al., 2011;
Rodilla et al., 2009) or HNF1α (D’Angelo et al., 2010). Thus, in the
intestinal crypts different signaling pathways converge on Jag1,
strongly suggesting that changes in its expression levels could
represent an early molecular event in developing pathologies. Our
data on Jag1 regulation by TRα1 in this same setting also support this
role as a ‘molecular sensor’ of early pathological events such as crypt
hypoplasia (hypothyroidism or the lack of Thra gene expression) or
crypt hyperplasia (hyperthyroidism or increased TRα1 expression).
Finally, the fact that Jag1-blocking antibodies can prevent T3-
stimulated Notch pathway activity in vitro further confirms that Jag1
could actively participate in Notch activity in intestinal epithelial
precursors. We therefore propose a model based upon previous
literature (reviewed by Gracz and Magness, 2014; Koo and Clevers,
2014) and our new data, in which Jag1 protein is present at the level
of crypt progenitors, both absorptive and secretory, and also
eventually in Paneth cells (Fig. 5) and participates in Notch
activity. It is worth noting, however, that at the level of resolution
of confocal microscopy, it is difficult to make a clear distinction
between the membranes of two adjacent cells. This is particularly the
case for the Jag1-expressing cells present in the upper position of the
crypts close to the GFP/Hes1-expressing cells (Fig. 5A).

As regards TRα1, its expression is restricted to crypt cells,
including stem cells (Kress et al., 2010; Plateroti et al., 2006)
(supplementary material Fig. S3), and Notch1 and Hes1, described
here as TH-responsive genes, are part of the stem cell signature
defined by the Lgr5 marker (Muñoz et al., 2012). It is thus
reasonable to speculate that, by acting simultaneously on

Fig. 7. Functional link between
T3-dependent Jag1 expression and
Notch pathway activity. (A,B) Jag1
(A) and Hes1 (B) immunolabeling of
intestinal epithelial primary cultures
maintained in different conditions.
Nuclear staining (blue), specific staining
(red) and merges are shown. Images
are representative of two independent
experiments, each conducted in
triplicate. Scale bar: 10 µm.
(C) Quantification of the percentage of
Hes1-positive nuclei. Approximately 15
fields per condition were scored under
themicroscope; shown in themean±s.d.
***P<0.001, compared with control;
##P<0.01, compared with T3. Ctrl,
Control; T3, 10-7M T3; @Jag1, anti-
Jag1 antibody; @GFP, anti-GFP
antibody.
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progenitors and on stem cells (directly or indirectly), TRα1 activates
the transcription of Jag1 and enhances the expression of Dll1 and
Dll4 as well as of Notch1, finally resulting in an increase of the
Notch target Hes1. TRα1 is expressed not only by most of the crypt
cells but also by myofibroblasts and muscle cell layers
(supplementary material Fig. S3). This pattern of TRα1
expression can help explain the epithelial cell-autonomous and
non-autonomous responses that we observed among the different
Notch components analyzed. This observation is also in agreement
with recent papers describing epithelial/mesenchymal-dependent
Notch activity in developing stomach and gut (Kim et al., 2011;
Faure et al., 2015). Thus, we cannot exclude the possibility that Jag1
staining at the basal membrane of crypt cells is of mesenchymal
origin. This assumption reinforces the model in which complex cell-
cell, including epithelial-mesenchymal, interactions play a pivotal
role in gut development and homeostasis (reviewed by Kedinger
et al., 1998; De Santa Barbara et al., 2002; Faure and de Santa
Barbara, 2011).
Studies in both amphibians and mammals have shown that

alterations in TH levels or in TR expression have an effect on cellular
responses such as proliferation and apoptosis and on signaling
pathways such as BMP, Shh and Wnt. In metamorphosing tadpoles,
TH and TRs regulate reciprocally instructive epithelium-
mesenchyme interactions by modulating the BMP and Shh
pathways (Ishizuya-Oka and Hasebe, 2008). Our own work in the
mouse intestine has underlined the complex, multilevel interactions
between TRα1 and the Wnt pathway in developmental, homeostatic
and pathological conditions (Sirakov et al., 2012; Kress et al., 2010,
2009; Plateroti et al., 2006). In mammalian skin, alterations in TH
levels influence the Shh pathway, which in turn controls TH
availability (Dentice et al., 2007). Notably, several components of
the Notch pathway, includingHes1 and Jag1, have been described as
targets of Wnt (Fre et al., 2009; Peignon et al., 2011; Rodilla et al.,
2009; Estrach et al., 2006). Given that, in studies involving analysis
of the whole mucosa, TRα1 activates the Wnt pathway in intestinal
crypts (Plateroti et al., 2006; Kress et al., 2009), we cannot exclude
the possibility that some of the responses observed for Notch also
depend on Wnt activity. However, the RBP-J-luciferase assay that
we performed in cell lines clearly revealed the existence of
TH-TRα1-dependent Notch activation that is independent of Wnt.
In conclusion, we report here that TRα1 controls Notch activity in

the intestinal epithelium. Importantly, the Notch and Wnt pathways
are the driving force behind intestinal epithelium progenitor/stem
cell biology. The fact that both are under the influence of the TRα1
nuclear receptor is a novel and important finding. Moreover, when
these three signaling pathways are dysregulated, alone or in
combination, they trigger and/or enhance intestinal carcinogenesis
(Fre et al., 2009; Kress et al., 2010; Peignon et al., 2011; Rodilla
et al., 2009). Considering the newly described role of TRα1 in stem
cell biology (López-Juárez et al., 2012; Ishizuya-Oka and Shi,
2008) and as a tumor inducer (Kress et al., 2010), the data that we
present here offer a new perspective for future investigations aimed
at defining TH-TRα1 mechanisms of action.

MATERIALS AND METHODS
Animals and sample preparation
We used 1-month-old TRα0/0 (Gauthier et al., 2001), Hes1-EmGFPSAT (Fre
et al., 2011b) and wild-type animals with appropriate genetic backgrounds.
The mouse housing and experimentation were approved by the animal
experimental committee of the Ecole Normale Supérieure de Lyon (Lyon,
France), the Comités d’Ethique en Experimentation Animale de l’Université
de Lyon (C2EA55 and C2EA15; registration number DR2013-55) and in
accordance with European legislation on animal care and experimentation.

Hyperthyroidism was induced by intraperitoneal injections (once a day
for 2 days) of a mixture of T4 and T3 (2.5 mg/kg T4 and 0.25 mg/kg T3) in
100 µl PBS. Animals were fed with standard mouse chow and had
ad libitum access to food and drinking water. Mice were euthanized at the
indicated ages, the intestine was quickly removed, and samples were fixed in
4% paraformaldehyde (PFA) for histological and immunohistochemical
experiments or frozen in liquid nitrogen and used for protein and/or RNA
extraction. The levels of free T3 and T4 were analyzed by a VIDAS enzyme-
linked assay kit (Biomerieux).

Primary cell cultures of intestinal epithelial cells
Intestinal epithelial primary cultures were derived from 4- to 6-day-old
neonatal mice. Briefly, following sacrifice, the entire small intestine was
removed. The epithelium was isolated as intact organoids by enzymatic
dissociation using collagenase type XI (Sigma) and dispase (Boehringer
Mannheim) followed by physical disaggregation and filtration on gauze.
Organoids were plated in Dulbecco’s modified Eagle’s medium (DMEM;
Invitrogen) supplemented with 2.5% heat-inactivated T3-depleted (Samuels
et al., 1979) fetal calf serum (FCS; Life Science), 20 ng/ml epidermal
growth factor (Sigma), and insulin-transferrin-selenium diluted 1:100
(Sigma). Culture surfaces were coated with Matrigel Basement Membrane
Matrix (BD Biosciences). For treatment experiments, 0.1 µM T3 or vehicle
alone was added to the culture medium for the indicated length of time. In
contrast to the animal work, only T3 was used to treat cell cultures. The
blocking experiments were performed by adding 10 µg/ml anti-Jag1 (R&D
Systems, AF599) or anti-GFP (Sigma Aldrich, G1544) antibodies to the
culture medium for 48 h.

Immunohistochemistry, histochemistry, histoenzymatic
staining and western blotting
Paraffin sections (5 µm thick) were used for indirect immunostaining.
Briefly, the sections were deparaffinized in methylcyclohexane, hydrated in
ethanol, and washed with PBS. The slides were then subjected to antigen
retrieval by heating at 95°C in a microwave in 0.01 M citrate buffer (pH 6),
and incubated for 1 h at room temperature with blocking buffer (10% normal
goat serum, 1% BSA and 0.02% Triton X-100 in PBS). The slides were
incubated with primary antibodies overnight at 4°C followed by incubation
with fluorescent secondary antibodies (Jackson Laboratories). All nuclei
were stained with Hoechst (Sigma). 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. Enterocytes were labeled by incubating the sections with the
BCIP/NBT (Sigma) alkaline phosphatase substrate. Fluorescence and
bright-field microscopy were performed on a Zeiss Z1 imager microscope.

In toto crypt preparation and immunolabeling were performed according
to Bellis et al. (2012). Briefly, Hes1-EmGFPSAT mice were anaesthetized
with a xylazine/ketamine mixture (2 mg/ml xylazine, 40 mg/ml ketamine).
The distal part of the small intestine was opened, flushed first with warm
(37°C) PHEM buffer (60 mM Pipes, 25 mM Hepes, 10 mM EGTA, 4 mM
MgSO4, pH 7.2) and then with a solution of 3% PFA, 0.2% Triton X-100 in
PHEM. The intestine was then resected, opened longitudinally, pinned to a
wax surface and covered with fixative solution for 1 h at room temperature.
Five minutes before the end of the fixation step, the samples were cut into
small cubes, and washed three times in PBS for 10 min each. Single rows of
crypt-villi were sliced under a stereomicroscope. For immunolabeling, ∼40
slices were incubated for 30 min on a rotating wheel at room temperature
consecutively in: (1) 200 mM NH4Cl in PBS; (2) 3% sodium deoxycholate
in water; (3) 0.5% Triton X-100 in PBS; and (4) 0.2% Triton X-100, 1%
BSA in PBS. All successive incubations and washes used 0.2% Triton X-
100, 1% BSA in PBS. The samples were incubated with primary antibodies
overnight at 4°C on a rotating wheel, washed three times and incubated with
secondary fluorescent antibodies and the DNA dye Hoechst for 6 h at room
temperature. Finally, they were washed in PBS before mounting with
Mowiol (6 g glycerol, 2.4 g Mowiol 4-88, 6 ml water, 12 ml 0.2 M Tris-Cl
pH 8.5 and 1% DABCO). As a control for the specificity of the secondary
fluorescent antibodies, primary antibody was omitted. We used the
following antibodies: anti-Ki67 (Labvision, RM-9106; 1:100), anti-
lysozyme (Abcam, AB108508; 1:500), anti-Jag1 (Santa Cruz, SC-6011;
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1:100), anti-Dll1 (Santa Cruz, SC-9102; 1:100), anti-GFP (Millipore,
AB16901; 1:350) and anti-chromogranin A (Zymed, 18-0094; 1:50). The
secondary antibodies were Alexa Fluor 568 donkey anti-goat, Alexa Fluor
488 goat anti-chicken (Life Technologies, A11057 and A11039; 1:1000)
and CFdye 647 donkey anti- rabbit (Biotium, 20047; 1:200).

Confocal microscopy was performed on a Leica SP5X with 63× HC PL
APO NA 1.4 oil-immersion objective (Fig. 5A,B) or a Zeiss LSM780 using
a 63× AN 1.4 oil-immersion objective (Fig. 5C). Images were processed
with ImageJ (NIH) and the 3D reconstruction performed with Imaris 7.6.5
(Bitplane) using the thresholding-based segmentation tool.

Protein extracts from full-thickness mucosa (50 µg/lane) were separated
on 8% bis-acrylamide/acrylamide gels and transferred to nitrocellulose
membranes (Hybond ECL, Amersham) before saturation and incubation
with anti-GFP (Sigma, G1544; 1:1000), anti-Jag1 (Cell Signaling, 2620;
1:250) and anti-actin (Sigma, A5316; 1:10,000) primary antibodies. This
step was followed by incubation with HRP-conjugated secondary antibodies
(Promega, anti-mouse, W402B, 1:5000; anti-rabbit, W401B, 1:5000;
anti-goat, V805A, 1:10,000). The signal was analyzed using an enzymatic
chemiluminescence detection kit (LumiLight, Roche).

Cell lines and transfection experiments
This study was performed on the human Caco2 colorectal cancer cell line
and on monkey Cos7 cells. Caco2 cells (50,000 cells/well in 24-well plates)
and Cos7 cells (30,000 cells/well in 24-well plates) were cultured in DMEM
supplemented with 10% and 5% FCS, respectively. We used the following
vectors: pRBP-J-luc (200 ng/well) (Peignon et al., 2011), NICD expression
vector (100 ng/well) (Peignon et al., 2011) and pGS5-TRα1 (100 ng/well).
The vectors were transfected using Exgen transfection reagent
(Euromedex). For the T3 treatments, the cells were maintained in TH-
depleted serum (Samuels et al., 1979). T3 (1 µM) or vehicle alonewas added
to the culture medium 24 h before the end of the culture period. Luciferase
activity was measured 48 h post-transfection using the Dual-Luciferase
Reporter Assay System (Promega).

RNA extraction and analysis
For full-thickness intestinal mucosa samples, RNAwas extracted using the
RNeasy Kit (Qiagen). Reverse transcription was performed usingMuMLV
reverse transcriptase (Promega) on 1 µg total RNA according to the
manufacturer’s instructions and using random hexanucleotide priming
(Promega). For primary cultures, RNAwas extracted using the Absolutely
RNA Nanoprep Kit (Stratagene). Reverse transcription was performed
using SuperScript III First-Strand Synthesis SuperMix for qRT-PCR
(Invitrogen) on 300 ng total RNA. To avoid the presence of contaminating
DNA, DNase digestion was performed on all preparations. All cDNA
samples were purified using the the Qiaquick PCR purification kit
(Qiagen) before use for qPCR experiments. qPCR analyses were
performed with SYBR Green PCR Master Mix (Qiagen) in an MxP3000
apparatus (Stratagene). In each sample, specific mRNA expression was
quantified using the standard curve method and values normalized to
Ppib levels. Primer sequences are listed in supplementary material
Table S1A.

Electrophoretic mobility shift assay (EMSA)
Full-length cDNAs for TRα1 and RXRαwere transcribed/translated in vitro
using the Quick TNT Kit (Promega) according to the manufacturer’s
protocol. The EMSAwas performed with radiolabeled probes as previously
described (Sirakov et al., 2012). Where indicated, anti-TRα1 antibodies
were included in the reaction mix. Probe sequences are listed in
supplementary material Table S1C.

Chromatin immunoprecipitation (ChIP) and qPCR analysis
ChIP was performed on epithelial fragments obtained from intestines of
3- to 6-day-old mice after digestion by collagenase/dispase as previously
described (Kress et al., 2009). Specific DNA fragments were analyzed by
qPCR using the primers listed in supplementary material Table S1B; Ppia
was used in all reactions as an internal control.

Statistical analysis
Histograms show mean±s.d. Comparisons between groups were performed
using Student’s t-test; P<0.05 was considered statistically significant.
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