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Thyroid Hormone Receptor Alpha Mutations Lead
to Epithelial Defects in the Adult Intestine in a Mouse
Model of Resistance to Thyroid Hormone
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Background: The thyroid hormone triiodothyronine (T3) is critical for vertebrate development and affects the
function of many adult tissues and organs. Its genomic effects are mediated by thyroid hormone nuclear receptors
(TRs) present in all vertebrates. The discovery of patients with resistance to thyroid hormone (RTHf) >50 years
ago and subsequent identification of genetic mutations in only the THRB gene in these patients suggest that
mutations in the THRA gene may have different pathological manifestations in humans. Indeed, the recent dis-
covery of a number of human patients carrying heterozygous mutations in the THRA gene (RTHo) revealed a
distinct phenotype that was not observed in RTH patients with THRB gene mutations (RTHp). That is, RTHa«
patients have constipation, implicating intestinal defects caused by THRA gene mutations.

Methods: To determine how TRl mutations affect the intestine, this study analyzed a mutant mouse expressing a
strong dominantly negative TRxl mutant (denoted TRo1PV; Thral®" mice). This mutant mouse faithfully re-
produces RTHa phenot JX‘[/)es observed in patients.

Results: In adult Thral mice, constipation was observed just like in patients with TRo: mutations. Importantly,
significant intestinal defects were discovered, including shorter villi and increased differentiated cells in the crypt,
accompanied by reduced stem-cell proliferation in the intestine.

Conclusions: The findings suggest that further analysis of this mouse model should help to reveal the molecular
and physiological defects in the intestine caused by TRo mutations and to determine the underlying mechanisms.

Keywords: thyroid hormone receptor, adult organ-specific stem cell, cell proliferation and differentiation, small
intestine, resistance to thyroid hormone

Introduction

HE THYROID HORMONE (TH) triiodothyronine (T3) has

long been known to be critical for human development
and adult life. The most obvious and earliest known abnor-
malities of human body and behavior associated with T3
deficiency are goiter (a lump in the neck due to thyroid gland
enlargement) and cretinism (a form of mental deficiency to-
gether with defects in skeletal growth) (1). These develop-
mental abnormalities can often be treated or prevented with
exogenous T3 starting soon after birth (1). In addition to its
developmental roles, T3 is also important for normal function
of various organs. T3 deficiency leads to a reduced metabolic
rate (2), and abnormal TH levels are associated with a
number of cardiovascular symptoms (3).

The genomic effects of T3 are mostly mediated by the
three major T3-binding nuclear receptors (TRs): TRal,
TRf1, and TRB2. TRs are transcription factors that can
form heterodimers with 9-cis retinoic acid receptors
(RXRs) to bind to DNA and regulate target gene transcrip-
tion (4-14). For genes whose transcription is induced by
T3, TR/RXR heterodimers bind to T3 response elements
(TREs) in chromatin and recruit histone-deacetylase con-
taining co-repressor complexes to repress their expression in
the absence of T3. When T3 is present, the liganded TR/RXR
heterodimers release the co-repressor complexes and recruit
co-activator complexes to the target genes to cause local
chromatin remodeling, including the loss of nucleosomes and
various histone modifications, and to facilitate gene activa-
tion. Given the roles of T3 in human development and the
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critical roles of TRs in mediating T3 signaling, mutations in
TRs can have detrimental effects in humans. Indeed, it was
discovered more than half a century ago that the syndrome of
resistance to thyroid hormone (RTHp) is linked to genetic
changes in patients (15-18). The classic signs and symptoms
include goiter and tachycardia, and the characteristic bio-
chemical constellation is defined by elevated peripheral
hormones (thyroxine [T4] and T3) with an inappropriately
non-suppressed and elevated thyrotropin (15-19). Interest-
ingly, all such RTHf patients have mutations in only the
THRB gene, and most of the mutations have reduced or lost
T3 binding to the receptors (17,18). These findings suggest
that mutations in TR« 1 could have distinct effects in humans,
which may largely reflect the fact that the THRA and THRB
genes have different developmental and tissue-specific ex-
pression profiles (19,20).

In recent years, a number of patients with TRa«1 mutations
have been discovered (21-24). The mutations in the THRA
gene lead to reduced or lost T3 binding to receptors, thus
making the patient resistant to T3 in target organs (RTHux).
These patients have very different phenotypes compared to
RTH patients (17,21-24). Of particular interest is that such
patients have constipation, suggesting intestinal defects due
to the THRA gene mutations (21,22). While the exact defects
in the intestine remain unclear, several lines of evidence
support a role of T3 signaling in the intestinal development
and physiology. First, T3 is critical for normal physiological
functions of most, if not all, organs in the adult vertebrates
and T3 levels regulates metabolic rate (3,25,26). Second, T3
affects stem-cell function and regeneration in different tis-
sues (27-31). Third, altered T3 levels are associated with
intestinal abnormalities and diseases, including inflammatory
bowel diseases (IBD), such as ulcerative colitis and Crohn’s
disease (32). Fourth, studies in mice have shown that T3
deficiency or TRa knockout leads to abnormal intestinal
morphology (33-37). Finally, in thyroid patients with either
hypothyroidism or hyperthyroidism, it is common to have
gastrointestinal manifestations, such as altered motility,
autoimmune gastritis, or esophageal compression (38).
Further, hyperthyroidism can cause frequent bowel move-
ments, diarrhea, nausea, and vomiting, while hypothyroidism
results in overall decreased metabolic functions accompanied
by slow intestinal motility and constipation (39). These re-
semble the observed effects in human patients with TRo
mutations.

To investigate the effects of TR«1 mutations on the in-
testine, this study analyzed the intestine of the Thral”""*
mouse, a mouse model of RTHu (40). In this model, a knock-
in mutation (TRa1PV) was introduced into the endogenous
mouse Thra gene to produce a potent dominant negative
mutant TR, TRx1PV (40). The TRxz1PV has a C-terminal
mutated sequence (398-PPFVLGSVRGLD- 409) (40) simi-
lar to the truncated C-terminal sequence in two RTHo pa-
tients (398-PPTLPRGL -405) (41). Previous studies have
shown that Thral”""* mice exhibit many of the phenotypic
features of RTHo found in patients, including growth retar-
dation and delayed bone development, but with very mild
abnormal thyroid function tests (40,42,43). This model has
been used to test T4 as a potential treatment modality to
mitigate the bone abnormalities in RTHu« patients (44), in-
dicating that the Thral”"”* mouse is a valid model to study
the effects of TRal mutations in intestine abnormalities in
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patients. This study shows that adult Thral”"”* mice also

exhibit constipation, mimicking the phenotypic manifesta-
tions of human patients with THRA mutations. Importantly,
the analyses revealed that Thral”"’* mice intestine had
shorter villi and increased differentiated Paneth and goblet
cells in the crypts, accompanied by reduced cell proliferation
in the crypts. Further analysis of the intestine of this mouse
model should help the physiological defects in RTHuo patients
and how TRa1 mutations could lead to intestinal defects to be
better understood.

Methods
Animals

Mice harboring a heterozygous mutated ThralPV gene
(Thral®* mice) were generated, as previously described
(40). All mice were maintained in accordance with the Na-
tional Institutes of Health animal facility guidelines for lab-
oratory animal research. All animal care and treatment was
done as approved by National Cancer Institute Animal Care
and Use Committee.

Weight measurements for the small intestine,
colon, and body

After euthanization, wild-type and Thral”"* mice were

weighed, and the small intestine and colon were dissected and
weighed with the content inside. Between 5 and 33 animals
per genotype were used for these and other analyses, as de-
scribed below.

Size measurements for the small intestine, intestinal
crypts, villi, and body

The body length was measured on euthanized Thral”""*
mice from the tip of the mouth to the base of the tail. The
length of the dissected small intestine was measured from the
beginning of the duodenum to the end of the ileum. The length
of the villus was measured from the mouth of the crypt to the
tip of the villus on hematoxylin and eosin (H&E)-stained in-
testinal cross-sections.

Immunohistochemistry

The intestine was removed from age-matched littermates
of wild-type and Thral”""* mice. The isolated intestine was
flushed with ice-cold 1 X phosphate-buffered saline (PBS)
and fixed in 4% formaldehyde (and, if needed, stored at 4°C),
followed by embedding in paraffin and then cutting into 5 um
sections.

For H&E staining, the 5 um sections were stained with H&E
following the manufacturer’s protocol (Sigma—Aldrich) and
analyzed under a bright-field microscope.

For immunofluorescent staining of proliferating cells, an
antibody against Ki67 (G-protein coupled receptor 67) was
used, which is present during all active phases of the cell cycle
(G1, S, G2, and mitosis) but is absent in resting (quiescent)
cells (Gp). Paraffin sections (5 um) were deparaffinized in
xylene and rehydrated in a series of different concentrations of
ethanol. Antigen retrieval was performed by boiling in an
antigen retrieve buffer (1 mM Tris, l mM EDTA, and 0.05%
Tween-20) for three minutes at 125°C followed by washing the
slides under running water and rinsing them in 1 X TBS-Tween
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(Tris-buffered saline +0.1% Tween-20) for five minutes. After
incubation in the blocking buffer (10% normal goat serum in
PBS) for one hour at room temperature, anti-Ki67 antibody
(diluted 1:400; Abcam) was added, and the slides were incu-
bated at 4°C overnight. The slides were then washed in 1x TBS-
Tween and subsequently incubated with a fluorescence-labeled
secondary antibody (Millipore) for one hour at room tem-
perature, washed three times with 1x TBS-Tween, and covered
with DAPI-containing mounting medium to counterstain the
DNA. The fluorescent pictures for different colors and different
sections were taken under the same settings. The Ki67 fluo-
rescent pictures were analyzed using Fiji Image] at the same
setting to count the positive cell numbers.

Detection of apoptosis

Apoptosis was characterized with terminal deoxynuclo-
tidyltransferase-mediated dUTP nick-end labeling (TUNEL;
Roche) following the manufacturer’s protocol. Briefly, the
TUNEL in situ Cell Death Detection Kit was used on 5 um
paraffin sections of the intestine. Sections were dewaxed with
xylene and rehydrated with ethanol. Antigen retrieval was
performed by microwaving the sections (700 W; 1.5 minutes)
in sodium citrate buffer (pH 6.0) followed by rinsing in PBS.
The sections were incubated for 30 minutes in 0.1 M Tris-
HCL, pH 7.5, containing 1.5% bovine serum albumin and
20% normal bovine serum, washed in PBS, and incubated
with TUNEL reaction mixture at 37°C for one hour. After
removing the TUNEL reaction mixture, sections were wa-
shed in PBS several times and counterstained with DAPI. The
fluorescent pictures for different colors and different sections
were taken under the same settings and then analyzed using
Fiji Image] at the same setting to count the positive cell
numbers.

Lysozyme staining for Paneth cells

Paraffin sections of the intestine were incubated with anti-
lysozyme antibody (diluted 1:1000; Abcam) for one hour at
room temperature, followed by washing steps with PBS, as
described above for immunohistochemistry. The HRP/DAB
(ABC) Detection kit (Abcam) was used to detect the signals
by following the manufacturer’s protocol. The brown Paneth
cells in the crypt were then counted visually.

Alcian blue staining for goblet cells

Paraffin sections of the intestine were stained with an Al-
cian Blue Kit (Abcam) following the manufacturer’s proto-
col. The blue goblet cells in the crypt and villus were counted
visually or analyzed by using Fiji Image]J to count the positive
cell numbers.

In situ hybridization

In situ hybridization with a RNAscope 2.5 HD Reagent
Kit-Brown (322371; Advanced Cell Diagnostics) was per-
formed on 5 um formalin-fixed, paraffin-embedded sections
according to the manufacturer’s instructions. The RNAscope
probes used were LGRS (NM_010195.2, target region 2165—
3082, cat no. 312171), the negative control probe DapB
(EF191515, region 414-862, cat no. 310043), and the posi-
tive control probe Ppib (NM_011149.2, target region 98-856,
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cat no. 313911). The LGRS signal in crypt was quantified
using Fiji Imagel.

Statistical analysis

All statistical analyses and the graphs were performed and
generated using GraphPad Prism v5.0 (GraphPad Software).
Student’s 7-test was used to examine the differences between
groups, and a p-value of <0.05 was considered statistically
significant. For the analysis of intestinal cross-sections, in-
dividual cross-sections instead of individual animals were
used as samples for the Student’s #-test. All data are expressed
as the mean * standard error of the mean.

Results

Thra1™* mice exhibit a gastrointestinal phenotype
mimicking patients with mutations of the THRA gene

To determine whether adult Thra!”""* mice could serve as a
model to study the gastrointestinal defects in RTHa patients,
the intestinal phenotype of Thral”"”* mice was studied. First,
the total weights of the small intestine and colon of adult wild-
type and Thral”"”* mice were measured. The small intestine
and colon of mutant mice were heavier than those of wild-type
mice by ~10% and ~40%, respectively (Fig. 1A and B, two
left panels). Since Thral”""* mice are dwarfed (40), the small
intestine and colon weights were normalized by the body
weight. The two panels on the right in Figure 1 show more
pronounced effects due to the mutation, that is, a weight in-
crease of 1.8- and 2.3-fold, respectively, in the small intestine
and colon after normalization with the respective body weight.
In addition, there was only a relatively small (25%) increase in
the normalized length of the mutant intestine (see below), and
the mutant mice were lighter and had a smaller body size (data
not shown). Thus, there was a net increase in the weight of the
small intestine and colon, even if normalized against the
length. These results indicate more contents had accumulated
in the intestine and colon of Thral”""* mice than in those of the
wild-type mice. These findings suggest that similar to RTHu
patients, adult Thral”"”* mice also have constipation.

TR« 1 mutation is associated with defects
in the small intestine

To characterize the changes in the adult intestine associated
with TRa1 mutations further, the study focused on the intes-
tine, where stem cell-mediated self-renewal has been well
characterized. The total length of the small intestine was
measured. As shown in Figure 2A, the total absolute length of
the intestine shows a small but significant increase in Thral”"”
* mice compared to that in wild-type siblings. Upon normal-
ization with the body length, a more prominent increase
(25%) was observed in the Thral”""* mice (Fig. 2B). When
the cross-section of the small intestine was analyzed, it was
observed that the intestine in the mutant mice had apparently
normal morphology compared to that in wild-type mice
(Fig. 3A). In addition, no significant changes in the crypt
width or length were observed. However, the length of the
villi was reduced in the Thral”"* mice by ~20% (Fig. 3B),
indicating that TRa1PV results in a decreased growth of the
villi. In addition, in the large intestine or colon, which is
devoid of villi, there was also a reduction in the length of the
crypts in Thral”""* mice (Supplementary Fig. S1).
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TRo.1 mutation results in reduced cell proliferation
in adult intestinal crypts

As the epithelium of the small intestine in adult mice un-
dergoes constant self-renewal throughout adult life via cell
proliferation in the crypts and cell death mainly in the villi,
next the study investigated whether cell proliferation and cell
death in the small intestine were affected by TR« 1 mutations
in adult mice. First, cell proliferation was analyzed by using
immunofluorescence staining for Ki67, a marker for cell
proliferation, on jejunum sections of wild-type and Thral”""*
mice. As shown in Figure 4A, Ki67 intensities were lower in
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the jejunum sections of Thral”""* mice than in those of wild-

type mice (middle lower panel vs. middle upper panel).
Quantification indicates that more than a twofold reduction
was observed in Ki67-positive cell numbers in the intestinal
crypts of Thral”""* mice compared to that of wild-type mice
(Fig. 4B). A similar reduction in cell proliferation was also
observed in the crypts of the large intestine of Thral”""* mice
(Supplementary Fig. S2). In addition, when cell death was
analyzed by TUNEL assay on jejunum sections of wild-type
and Thral”* mouse intestine, it was observed that the
Thral®""* mice have more than a twofold reduction in apo-
ptotic cells in the intestinal villi (Fig. 5). Thus, the heterozygous
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FIG.2. Thral”"" mice have longer small intestine relative to body length. The total length of the small intestine and body
(from the tip of the head to the base of the tail after maximally stretching the mouse and scruff of the neck). The total
intestine length (A) or the ratio of the intestine to body length (B) was plotted. Note that there is a significant increase in the
ratio in the mutant mice. Mouse numbers: Thral®"" mice, n=8; WT mice, n=38.
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mutant animals. Mouse numbers: Thral”"
mice, n=5; WT mice, n=>5. Similar results
were obtained with another batch of ani-
mals. There is also an increase in crypt
width, although not statistically significant
in another batch of animals (data not

FIG. 3. Reduction in the length of intes-
tinal villus in Thral”"”* mice. Hematoxylin
and eosin (H&E)-stained jejunum sections
for WT and Thral®""" mice (A). (B) The
average length of the villus is reduced in the

I+

FIG. 4. Reduced cell pro-
liferation in the intestinal
crypts of Thral®”""* mice. (A)
Immunofluorescent staining
for Ki67 was performed on
jejunum sections of WT and
Thral”""* mouse intestine.
(B) Quantified data of Ki67-
positive cells in the crypt
showing reduced cell ‘Prolif-
eration in the Thral”""*
mice. Mouse numbers:
Thral®V" mice, n=5; WT
mice, n=>5. Similar results
were obtained in another
batch of Thral”"”* mice and
WT siblings.
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mutation of the TRal affected both crypt cell proliferation
and epithelial apoptosis in the adult mouse intestine.

TR« 1 mutation alters cell differentiation in the intestine

There are three major types of differentiated epithelial
cells in the intestine: absorptive epithelial cells in the villus,
goblet cells present in both villus and crypts, and Paneth cells
in the crypts. In addition, the crypts harbor the adult stem
cells, as well as the so-called transit amplifying cells, which
rapidly proliferate to replace the dying differentiated epi-
thelial cells mostly at the tip of the villus, thus maintaining
intestinal epithelial homeostasis. To investigate why there are
fewer proliferating cells despite the apparent normal crypt
morphology, the study analyzed the abundance of two dif-
ferentiated epithelial cells in the crypt: goblet cells and Pa-
neth cells. Alcian blue staining for goblet cells in the jejunum
sections revealed that the Thral”"’* mouse intestine has a
significantly increased number of goblet cells in the crypt
(Fig. 6A and B) but a reduced number of goblet cells (Fig. 6A
and C) in the villus compared to the wild-type intestine. Since
the villus is much larger than the crypt, not surprisingly the
total number of goblet cells per villus—crypt unit (as mea-
sured by counting the total number of goblet cells in the
jejunum sections and then dividing the total by the number of
villi present in the sections) was reduced in the mutant ani-
mals (Fig. 6D). In the large intestine, which is devoid of any
villi, a reduced number of goblet cells was observed in the
crypts (Supplementary Fig. S3). Thus, the TRol mutation
causes a reduction in goblet cells in the intestinal epithelium.
In addition, immunohistochemical staining of lysozyme, a
marker for Paneth cells in the crypt, showed that in the je-
junum, there was a twofold increase in the number of Paneth
cells in the crypt of Thral”"”* mice compared to the wild-
type mice (Fig. 6E and F). Thus, despite of the apparent
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FIG. 5. Decreased cell
death in the small intestinal
epithelium of Thral”""*
mice. (A) Immuno-
fluorescence staining of
sections after terminal
deoxynuclotidyltransferase-
mediated dUTP nick-end
labeling assay performed on
jejunum sections of WT and
Thral”""* mouse intestine.
(B) Quantification of apo-
ptotic cells in the epithelium.
Mouse numbers: Thral

mice, n=5; WT mice, n=5. B
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in another batch of Thral®V’*
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normal morphology of the crypt, the crypt had very different
cell compositions between the wild-type and Thral”"”* mice.
The data indicate that there is an increase in the differentiated
cells and a corresponding reduction in the proliferating cells
in the crypt of Thral”""* mice.

TR« 1 mutation reduces stem cells in the intestine

To investigate directly if the mutation affects intestinal
stem cells, the expression of the well known adult intestinal
stem-cell marker LGRS was analyzed by in situ hybridization.
As shown in Figure 7, LGRS5-positive cells were detected,
expectedly, near the crypt base in both wild-type and mutant
intestines. Importantly, the LGRS signal was drastically re-
duced in the Thral”""* mice compared to wild-type animals,
suggesting fewer adult stem cells in the mutant intestine.

Discussion

T3 is critical for human development and the function of
many adult organs. Patients with TRx1 mutations represent
the first genetic evidence for a role of T3 signaling in the
function of the human intestine (21-24). On the other hand, it
remains unknown whether TRa1 mutations cause intestinal
abnormalities in humans other than constipation. Analyses of
the intestine of Thral”"”* mice in the present study suggest
that TRol mutations can alter intestinal epithelial cell dif-
ferentiation and adult stem-cell levels.

Morphologically, the studies indicate that TRa1 muta-
tions are associated with a longer small intestine relative to
body size in the mouse. More importantly, Thral”"’* mice,
mimicking RTHo patients, have drastically reduced cell
proliferation in the crypt, indicative of reduced adult stem-
cell number. Interestingly, epithelial cell death on the villus
was also reduced, which helps to explain the relatively minor
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FIG. 6. Altered stem-cell differentiation in the small intestine of Thra
”* mouse intestine. (B-D) Quantification shows that the number of

was performed on jejunum sections of WT and Thral

1Y mice. (A) Alcian blue staining for goblet cells

goblet cells is increased in the crypt (B) but decreased in the villus (C). (D) The total number of goblet cells per the villus—
crypt unit (including the surround crypts) is also reduced (measured by counting the total number of goblet cells in the
jejunum sections and then dividing the total by the number of villi present in the sections). (E) Immunohistochemical
staining for lysozyme, a marker for Paneth cells in the crypt, was performed on jejunum sections of WT and Thral” """
mouse intestine. (F) Quantification of the Paneth cell number in crypt reveals an increase in the mutant mouse intestine.

Mouse numbers: Thral

alterations in the crypt—villus structure, with only a relatively
small reduction in villus length, despite the drastic reduction
in stem-cell proliferation in the crypt. On the other hand, at
the cellular level, the mutant mice have significantly more
differentiated cells (Paneth and goblet cells) but fewer
LGRS5-positive stem cells in the crypt, leading to reduced cell
proliferation. In addition, there are also fewer goblet cells in
the villus. It remains unknown if the altered levels of the
differentiated cells in the villus and the crypt affect intestinal
physiology and function.

While further studies are needed to determine how the
TRa1 mutation leads to the defects in the mature intestine and

4 *mice, n=5; WT mice, n=>5. Similar results were obtained with another batch of animals.

if there are additional alterations in the mature intestine, it is
interesting to note that the first patient with a TRo1 mutation
was a child who had severe constipation after weaning at
seven months (21). This suggests that the TRo1 mutation may
cause intestinal defects in human patients during intestinal
maturation before and/or around birth when T3 levels are
high. This observation and the present findings are consistent
with earlier studies showing an important role of T3 signaling
in the development of the vertebrate adult intestine. As in-
dicated in the Introduction, altered T3 levels are associated
with human intestinal abnormalities and diseases, such as
inflammatory bowel diseases (32,38,39). In addition, T3
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FIG. 7. Reduced Lgr5 expression
in the intestinal crypts of Thral”""*
mice. (A) In situ hybridization for
Lgr5 was performed on jejunum
sections of WT and Thrai®""*
mouse intestine. (B) Quantified
data of Lgr5 expression in the crypt
showing a reduced level in
Thral®”* mice. Mouse numbers:
Thral®"" mice, n=3; WT mice,
n=4. Similar results were obtained
in another batch of Thral”""* mice
and WT siblings.

deficiency or TRo knockout in mice leads to abnormal in-
testinal morphology and a decrease in stem-cell prolifera-
tion in the adult (33-37), bearing similarities to what was
observed here. Furthermore, increasing lines of evidence
suggest that T3 controls the formation of the intestine during
postembryonic development, a period around birth in
mammals, and that this control is evolutionally conserved
(45—47). One of the best-studied systems for adult intestinal
development is perhaps the metamorphosis of amphibian
Xenopus laevis (45,48). During this period, the simple tu-
bular structure of the tadpole intestine is drastically re-
modeled to a complex adult intestine with a multiply folded
intestinal epithelium surrounded by thick layers of con-
nective tissue and muscles (48). This involves almost
complete degeneration of the tadpole epithelium through
apoptosis and de novo development of the adult intestinal
stem cells in a T3-dependent process. It has been shown that
T3 induces some larval epithelial cells to dedifferentiate to
form the adult intestinal stem cells. A similar process may
also take place in other vertebrates such as zebrafish and
mice (45-47,49). In particular, in the mouse, the intestine at
birth lacks any crypts, although villi are present. During the
first three weeks after birth, the crypts are formed as the
intestine matures with a distinct gene expression pattern and
functional status compared to neonatal intestine as the T3
level rises, peaking around two to three weeks after birth
(49-53). The resulting mature intestine has stem cells lo-
cated in the crypts, while the villi contain the different types
of differentiated epithelial and other cells. This suggests that
the formation of adult intestinal stem cells takes place
during this postembryonic developmental period and more
importantly is regulated by T3 (49-52). Thus, it is very
likely that in the mutant TR« mouse model, the defects that
were observed in the adult intestine are likely due to the
effect of TRo mutation on intestinal development.

Clearly, there are many important and interesting questions
that need to be addressed. First, what is the mechanism for the
observed defects in the adult intestine in the Thral”"”* mice?
The adult phenotype could be due to the effect of the mutation
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on the homeostasis of the intestinal epithelium. Alternatively,
the TRol mutation may affect normal development of the
intestine as discussed above. Second, what causes the observed
constipation in either human patients or adult mice? Possibi-
lities include (i) reduced or altered epithelial absorption, (ii)
mis-regulation of intestinal motility by the central nervous
system, and (iii) defects in muscle function that affect intes-
tinal motility. Given the broad expression profile of TRo in
different tissues, one or more of these defects may exist in
human patients or Thral”""* mice. Third, despite the relatively
normal intestinal villus—crypt structure, the reduced prolifer-
ation in the crypt and apoptosis on the villus suggest a slower
replacement of the epithelial cells in the intestine. Thus, it is
very likely TRal mutations will lead to reduced repair/re-
generation but allow the maintenance of relatively normal
intestinal morphology in humans. This would suggest that such
patients will be prone to intestinal damage-related diseases.
Additionally, it will also be interesting to determine if the
altered levels of the differentiated cells in the villus and crypt
caused by the TRa mutations affect intestinal physiology and
function. Further analyses of this mouse model should provide
valuable information toward prevention and treatment of in-
testinal disorders in TRo. RTH patients.
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