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ABSTRACT

In the amphibian intestine during metamorphosis, stem
cells appear and generate the adult absorptive epithelium,
analogous to the mammalian one, under the control of
thyroid hormone (TH). We have previously shown that the
adult stem cells originate from differentiated larval epithe-
lial cells in the Xenopus laevis intestine. To clarify whether
TH signaling in the epithelium alone is sufficient for induc-
ing the stem cells, we have now performed tissue recombi-
nant culture experiments using transgenic X. laevis tadpoles
that express a dominant-positive TH receptor (dpTR) under
a control of heat shock promoter. Wild-type (Wt) or dpTR
transgenic (Tg) larval epithelium (Ep) was isolated from
the tadpole intestine, recombined with homologous or heter-
ologous nonepithelial tissues (non-Ep), and then cultivated
in the absence of TH with daily heat shocks to induce

transgenic dpTR expression. Adult epithelial progenitor
cells expressing sonic hedgehog became detectable on day
5 in both the recombinant intestine of Tg Ep and Tg non-
Ep (Tg/Tg) and that of Tg Ep and Wt non-Ep (Tg/Wt).
However, in Tg/Wt intestine, they did not express other
stem cell markers such as Musashi-1 and never generated
the adult epithelium expressing a marker for absorptive
epithelial cells. Our results indicate that, while it is unclear
why some larval epithelial cells dedifferentiate into adult
progenitor/stem cells, TR-mediated gene expression in the
surrounding tissues other than the epithelium is required
for them to develop into adult stem cells, suggesting the
importance of TH-inducible epithelial-connective tissue
interactions in establishment of the stem cell niche in the
amphibian intestine. STEM CELLS 2011;29:154–161
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INTRODUCTION

In the mammalian digestive tract, the epithelium is continu-
ally renewed from stem cells throughout adulthood. Mecha-
nisms regulating proliferation and differentiation of stem cells
have attracted interest from the standpoint of stem cell bio-
logy and regenerative therapies. Although the importance of
the microenvironment around the stem cells, called a ‘‘niche’’,
for regulating the stem cells has been well recognized [1–4],
molecular bases for the stem cell niche are still poorly under-
stood. Especially, it remains uncertain how the gut stem cell
niche is established during development because of the diffi-
culty of identifying and monitoring the stem cells in uterus.

During amphibian metamorphosis, the digestive tract
undergoes extensive remodeling from larval to adult form,
transition from the aquatic herbivorous to terrestrial carni-
vorous life [5]. In the Xenopus laevis small intestine, a well-
analyzed organ at the cellular level, a single layer of primary

(larval) epithelium is surrounded by the immature connective
tissue and thin muscles before metamorphosis. At the start of
metamorphic climax (stage 60; [6]), when the level of thyroid
hormone (TH) in the plasma becomes high [7], most of the
larval epithelial cells begin to undergo apoptosis, whereas a
small number of undifferentiated cells become detectable as
small islets between the larval epithelium and the developing
connective tissue [8–11]. These undifferentiated cells are
stained strongly red with pyronin Y and, notably, express
sonic hedgehog (Shh), Musashi-1 (Msi-1), and Akt [12–14],
all of which are candidate markers for mammalian intestinal
stem cells [15–18]. They gradually replace the degenerating
larval epithelium through active proliferation, and as morpho-
genesis of multiple intestinal folds proceeds, differentiate into
the secondary (adult) epithelium that consists of major absorp-
tive cells expressing intestinal fatty acid-binding protein
(IFABP), goblet cells, and enteroendocrine cells [19–21]. At
the completion of metamorphosis, the adult epithelium
acquires a cell renewal system along the trough-crest axis of
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intestinal folds [8, 10, 11], analogous to the mammalian
crypt-villus axis [22, 23]. These chronological observations
indicate that multipotent stem cells analogous to those in the
mammalian adult intestine appear at the start of metamorphic
climax in the X. laevis intestine. Taken together with the fact
that the X. laevis intestinal remodeling can be easily and
experimentally induced by TH both in vivo and in vitro [24]
and that a number of TH response genes have been identified
in the X. laevis intestine [25, 26], this animal model offers an
excellent opportunity to study molecular mechanisms regulat-
ing organ-specific adult stem cells common to various
vertebrates.

Using transgenic (Tg) X. laevis tadpoles constitutively
expressing green fluorescent protein (GFP) in tissue recombi-
nation experiments, we have recently shown that the adult
stem cells originate exclusively from the larval epithelium
[27]. As all of the larval epithelial cells at this stage are
essentially differentiated as larval-type by light and electron
microscopy [8, 28] and are negative for stem cell markers
such as Shh and Msi-1 [13, 14], this result implies that some
of the larval epithelial cells dedifferentiate into the adult stem
cells during amphibian metamorphosis, similar to ‘‘epithelial
transit cells,’’ which are known to dedifferentiate into the
stem cells during regeneration of the adult mammalian intes-
tine [3, 29]. Despite the biological and clinical importance of
intestinal epithelial dedifferentiation, its molecular mecha-
nisms have not yet been clarified. In the X. laevis intestine,
the developmental transition from the larval to adult epithe-
lium including the period when dedifferentiation occurs is
triggered by TH and requires the presence of the connective
tissue [30]. Thus, the question arises whether TH must act
directly on the larval epithelium, the connective tissue, or
both for adult epithelial development to occur. In this study,
to address this question and investigate the molecular mecha-
nisms underlying development of intestinal stem cells, we
made use of Tg tadpoles, which express a dominant-positive
thyroid hormone receptor (dpTR) under the control of a heat
shock-inducible promoter [31]. In these Tg tadpoles, dpTR
specifically binds to TH response elements within promoter
regions of TH target genes and causes metamorphic changes
in the absence of TH in vivo. The use of these Tg tadpoles in
tissue recombinant cultures, established previously [30], paves
the way to activate TH target genes in any tissue at any time
by heat shocks. Here, we isolated intestinal tissues from
dpTR Tg or wild-type (Wt) tadpoles and examined effects of
tissue-specific expression of dpTR on the adult epithelial
development. Our results indicate that, regardless how the cell
fate is determined in the larval epithelium, TH target genes in
the surrounding tissues other than the epithelium are required
for the formation of the adult stem cells.

MATERIALS AND METHODS

Animals
Adult South African clawed frogs (X. laevis) were purchased
from a commercial source. F0 Tg frogs expressing dpTR
were generated by using the restriction enzyme-mediated
integration method as described previously [31]. F1 genera-
tion animals were produced by mating F0 Tg and Wt adult
frogs. Tg F1 tadpoles were identified by the GFP expression
in the lens of the eye [31] and reared until stage 57 [6].
Animal rearing and treatment were done according to the
guidelines set by Nippon Medical School animal use and care
committee.

Organ Culture
Tubular fragments were isolated from the anterior part of the
small intestine just behind the bile duct junction in Wt and Tg
tadpoles at stage 57, when the small intestine is the longest dur-
ing the larval period, and were split open lengthwise with scis-
sors. Most of the intestines were treated with 1,000 U/ml dispase
(Godo, Tokyo, Japan) to separate the epithelium (Ep) from none-
pithelial tissues (non-Ep), which consist mainly of the connec-
tive tissue and muscles. Each Ep was then recombined with
homologous and heterologous non-Ep or put on a Matrigel (BD
Biosciences, Bedford, MA, http://www.bdbiosciences.com).
They were then cultured at 26!C for 5 or 7 days as previously
described [14, 30]. Briefly, they were placed on membrane filters
(Millipore, Bedford, MA, http://www.millipore.com) put on steel
grids in culture dishes and cultured in 60% Leibovitz’s L-15 me-
dium (Invitrogen, Carlsbad, CA, http://www.invitrogen.com)
supplemented with 10% charcoal-treated fetal bovine serum
(Invitrogen), 100 IU/ml of penicillin, 100 lg/ml of streptomycin,
5 lg/ml of insulin (Sigma, St. Louis, MO, http://www.sigmaal-
drich.com), and 0.5 lg/ml of hydrocortisone (Sigma). The
culture medium was changed every other day. To induce meta-
morphic changes in the absence of TH, the intestines were heat
shocked at 33!C for 1 hour per day by moving the culture dish
to a prewarmed incubator. As heat shocks after 5 days often
caused abnormal differentiation of the adult epithelium (data not
shown), the intestines were heat shocked until day 5. This abnor-
mality may be caused by overexpression of dpTR-mediated
genes such as Shh, whose expression normally decreases in Wt
intestine after 5 days of TH treatments [13].

Immunohistochemistry
The cultured intestines were fixed with 95% ethanol at 4!C for
4 hours, embedded in paraffin, and cut at 5 lm. Some sections
were immunostained with the following antibodies at room
temperature for 1 hour: the mouse anti-FLAG M2 antibody
(diluted 1:100; Stratagene, Cedar Creek, TX, http://www.geno-
mics.agilent.com) to detect cells expressing FLAG-dpTR, the
mouse anti-proliferating cell nuclear antigen (PCNA) antibody
(1:100; Novocastra, Newcastle, U.K., http://www.ebiotrade.-
com/buyf/Novocastra/index.htm) to detect proliferating cells,
the rabbit anti-caspase 3 (Casp3) antibody (1:50; BD Pharmino-
gen, San Diego, CA) to detect apoptotic cells, the rabbit anti-
Shh (1:500; [13]), anti-Msi-1 (1:50; Abcam, Cambridge, MA,
http://www.abcam.com), and anti-Akt antibodies (1:50; Signal
Antibody Co., Pearland, TX; Ishizuya-Oka and Shi, 2008) to
identify stem cells, and the rabbit anti-IFABP antibody (1:500;
[19] to identify differentiated absorptive cells. They were then
incubated with Alexa Fluor 568-conjugated anti-rabbit IgG
(1:500; Molecular Probes, Eugene, OR, http://www.invitrogen.-
com) or with biotin-labeled anti-IgG and peroxidase-conjugated
streptavidin (Nichirei, Tokyo, Japan, http://www.nichirei.co.jp/
english/index.html) followed by 0.02% 3,30-diamino-benzi-
dine-4HCl, and 0.006% H2O2. There was no positive staining
when the same concentration of preimmune serum was applied
as the specificity control (data not shown). In addition, to dis-
tinguish conventionally the adult progenitor cells from the
larval epithelial cells during the larval-to-adult epithelial
remodeling, other sections were stained with methyl green-
pyronin Y (Muto, Tokyo, Japan) for 5 minutes [9] or immuno-
stained for 1 hour with the mouse antibody against cytokeratin
19 (CK19; 1:50; Novocastra), which is a predominant cytokera-
tin in the mammalian intestinal crypt cells including stem cells
[32]. Here, both the staining with pyronin-Y, which intensely
stains RNA-rich cytoplasm [33], and the immunoreactivity for
CK19 are stronger in the adult progenitor cells than in the other
larval cells undergoing apoptosis. Furthermore, some other
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sections were double-immunostained at room temperature for 1
hour with mixtures of anti-Shh and anti-PCNA antibodies, anti-
Shh and anti-CK19 antibodies, anti-Msi-1 and anti-CK19 anti-
bodies, or anti-Akt and anti-CK19 antibodies. They were then
incubated with a mixture of Alexa Fluor 568-conjugated anti-
rabbit IgG (1:500; Molecular Probes) and Alexa Fluor 488-con-
jugated anti-mouse IgG antibodies (1:500; Molecular Probes)
and analyzed by fluorescence microscopy.

RESULTS

Expression of dpTR Causes Larval-to-Adult
Remodeling in Intact Tg Intestine In Vitro
In the Tg tadpole intestine at stage 57 (before metamorphic
climax) used for cultivation, a single layer of larval epithe-
lium is surrounded by the immature connective tissue and
thin muscular layers as in the Wt tadpole intestine at the
same stage. To determine whether the larval-to-adult remodel-
ing can be induced by the action of FLAG-dpTR in the Tg
tadpole intestine, we immunohistochemically examined intact
Tg and Wt intestines cultured in the absence of TH with daily
heat shocks to induce FLAG-dpTR expression. In the intact
Wt intestine, the epithelium remained larval-type (Fig. 1A),
and FLAG immunoreactivity was not detected in any cells
except for the weak staining at background levels throughout
the cultivation (Fig. 1B). Neither apoptotic cells positive for
Casp3 (Fig. 1C) nor cells positive for Shh (not shown) were

observed in the entire larval epithelium. In contrast, in the
intact Tg intestine, the epithelium underwent metamorphic
changes during the cultivation (Fig. 1D–1K). FLAG immuno-
reactivity became positive in nuclei of every tissue, although
the number of positive nuclei tend to be larger in the epithe-
lium than in the other tissues (Fig. 1E). Apoptotic cells posi-
tive for Casp3 became detectable in the epithelium on and
after day 3 (Fig. 1F), similar to that observed in the Wt intes-
tine cultured in the presence of TH [34]. On the other hand,
the adult progenitor cells that are stained strongly red with
pyronin-Y (Fig. 1D) and positive for CK19 became detectable
on day 5 as small islets between the larval epithelium and the
connective tissue. They mostly expressed Shh (Fig. 1H), and
some of them also expressed Msi-1 (Fig. 1I) and Akt proteins
(Fig. 1J), all of which are candidate markers for adult stem
cells in the X. laevis intestine during spontaneous metamor-
phosis [24]. The immunoreactivities for Msi-1 and Akt were
weaker than that for Shh, in agreement with our previous
observations in the Wt intestine cultured in the presence of
TH [27]. The adult progenitor cells expressing Shh actively
proliferated (Fig. 1G), replaced the larval epithelial cells
undergoing apoptosis, and then differentiated into the absorp-
tive epithelium expressing IFABP on day 7 (Fig. 1K). These
chronological changes in the epithelium of intact Tg intestine
as induced by the expression of dpTR are essentially the
same as those induced by TH treatment of Wt intestine in
vitro [14, 19], although the number of adult progenitor and/or
differentiated cells appeared to be smaller in the Tg intestine
than in the TH-treated Wt intestine.

Figure 1. Intact Wt (A–C) and Tg (D–K) tadpole intestines cultured with heat shocks in vitro. Cross sections were stained with MG-PY (A,
D), immunostained with anti-FLAG (B, E), anti-Casp3 (C, F), and anti-IFABP antibodies (green; [K]) or double-immunostained with anti-Shh
(green) and anti-PCNA (red; [G]), anti-Shh (green) and anti-CK19 (red; [H]), anti-Msi-1 (green) and anti-CK19 (red; [I]), and anti-Akt (green)
and anti-CK19 (red) antibodies (J). Wt intestine remains larval-type (A) and negative for FLAG (B) and Casp3 (C) throughout the cultivation.
The weak staining for FLAG in cytoplasm of the Ep is nonspecific. In contrast, Tg intestine expresses FLAG-tagged dominant positive thyroid
hormone receptor ([E], arrows) and undergoes remodeling. Both apoptotic cells positive for Casp3 ([F], arrows) and adult progenitor cells that
are strongly stained red with pyronin Y ([D], arrowhead and the inset) and positive for Shh (G, H) become detectable on day 5. The adult pro-
genitor cells actively proliferate ([G], arrowhead) and are also positive for CK19 (H–J), Msi-1 (I), and Akt (J). Thereafter, the absorptive epithe-
lium-expressing IFABP ([K], arrow) is differentiated on day 7. Scale bar " 20 lm. Abbreviations: CT, connective tissue; Ep, epithelium; # # #;
IFABP, intestinal fatty acid-binding protein; MG-PY, methyl green-pyronin Y; Msi-1, Musashi-1; Mu, muscles; PCNA, proliferating cell nuclear
antigen; Shh, sonic hedgehog Tg, transgenic; Wt, wild type.
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Epithelial Changes Dependent on Tissue-Specific
dpTR Expression in Recombinant Intestines
In Vitro
To clarify the effects of tissue-specific expression of dpTR on
the larval-to-adult epithelial remodeling, we then performed
tissue recombination experiments by using Tg and Wt intes-
tines and immunohistochemically examined four kinds of
recombinant intestines cultured with daily heat shocks (Fig.
2). The epithelium in any recombinant intestine comprised
smaller number of cells and was lower in cell height than that
in the intact intestine as described previously [27, 30]. This is
possibly due to partial degeneration of the epithelial cells
when they are separated from the connective tissue and/or
when they fail to properly contact the recombined connective
tissue. Nevertheless, FLAG-dpTR was expressed in the
recombinant intestine after heat shock treatment, as expected.
In the recombinant intestine made of Wt Ep tissues and Wt
non-Ep tissues (Wt/Wt), both Ep and non-Ep remained nega-
tive for FLAG throughout the cultivation (Fig. 2B). In con-
trast, both Ep and non-Ep became positive for FLAG in the
recombinant intestine of Tg Ep and Tg non-Ep (Tg/Tg),
although the intensity of FLAG immunoreactivity varied
among different cell types (Fig. 2F). In the recombinant intes-
tine of Tg Ep and Wt non-Ep (Tg/Wt), cells positive for
FLAG were localized in Ep (Fig. 2J), whereas they were
localized in non-Ep in the recombinant intestine of Wt Ep
and Tg non-Ep (Wt/Tg; Fig. 2N). Therefore, as in intact intes-
tinal cultures, FLAG-dpTR was successfully induced in
recombinant cultures but only in the intestinal tissues derived
from Tg tadpoles.

Development of the recombinant intestines after heat
shock treatment depended on the source tissues. In Wt/Wt
intestine, the epithelium remained larval-type. Neither apopto-
tic cells (Fig. 2C) nor adult progenitor cells (Fig. 2A, 2D)

were detected throughout the cultivation, just like in the intact
Wt intestine. In contrast, in Tg/Tg intestine, the larval apopto-
tic cells positive for Casp3 were detected in the epithelium on
and after day 3 (Fig. 2G). Then, on day 5, the adult progeni-
tor cells stained red with pyronin-Y (Fig. 2E) and expressing
Shh (Fig. 2H) became detectable (Table 1), just like in the
intact Tg intestine. In Tg/Wt intestine, similar to Tg/Tg intes-
tine, both apoptotic larval cells positive for Casp3 (Fig. 2K)
and adult progenitor cells stained red with pyronin-Y (Fig. 2I)
and expressing Shh (Fig. 2L) were detected. On the other
hand, in Wt/Tg intestine, similar to Wt/Wt intestine, the
epithelium mostly remained larval type (Fig. 2M), and cells
positive for Shh were never observed (Fig. 2P). However,
unlike in Wt/Wt intestine, apoptotic cells positive for Casp3
were occasionally detected in the larval epithelium (Fig. 2O),
although they were fewer than that in Tg/Tg and Tg/Wt
intestines.

To analyze the development of the adult stem cells in the
Tg/Tg and Tg/Wt intestines, we next examined stem cell
markers by using double immunofluorescence labeling. In Tg/
Tg intestine, the adult progenitor cells positive for CK19
mostly expressed Shh (Fig. 3A), and some of them also
expressed Msi-1 (Fig. 3B) and Akt (Fig. 3C). The immunore-
activity for Msi-1 and that for Akt were weaker than that for
Shh in Tg/Tg intestine, similar to that observed in the intact
Tg intestine. On the other hand, in Tg/Wt intestine, although
the epithelial cells positive for CK19 mostly expressed Shh
(Fig. 3E), they neither expressed Msi-1 nor Akt (Fig. 3F, 3G).
Thereafter, on day 7, absorptive epithelial cells expressing
IFABP were detected in Tg/Tg intestine (Fig. 3D) but not in
Tg/Wt intestine (Fig. 3H). These results indicate that adult
stem cells that will give rise to the adult absorptive epithe-
lium were formed only in Tg/Tg intestine but not in Tg/Wt
intestine. In Tg/Wt intestine, although dpTR expression in the
epithelium also induces the cells strongly stained with

Figure 2. Recombinant intestines cultured for 5 days with heat shocks in vitro. Cross sections were stained with MG-PY (A, E, I, M) or immu-
nostained with anti-FLAG (B, F, J, N), anti-Casp3 (C, G, K, O), and anti-Shh antibodies (D, H, L, P). In recombinant intestines made of Wt
epithelium and Wt non-Ep tissues (Wt/Wt; [A–D]), Tg Ep and Tg non-Ep (Tg/Tg; [E–H]), Tg Ep and Wt non-Ep (Tg/Wt; [I–L]), and Wt Ep
and Tg non-Ep (Wt/Tg; [M–P]), nuclei positive for FLAG-tagged dominant positive TH receptor are localized in tissues derived from Tg intes-
tine (arrows; [F, J, N]). Apoptotic cells positive for Casp3 are detected in Tg/Tg ([G], arrow), Tg/Wt (K), and Wt/Tg intestines (O). On the other
hand, adult progenitor cells strongly stained red with PY ([E, I], arrowhead) and positive for Shh (H, L) become detectable only in Tg/Tg and
Tg/Wt intestines. Scale bar " 20 lm. Abbreviations: Casp3, caspase 3; Ep, epithelium; MG-PY, methyl green-pyronin Y; MF, membrane filter;
Shh, sonic hedgehog; Tg, transgenic; Wt, wild type.
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pyronin-Y and expressing Shh, these cells lack properties
characteristic of adult stem cells and fail to generate the adult
epithelium due to the lack of TR-mediated gene expression in
non-Ep tissues.

TR-Mediated Epithelial Changes in the Absence
of Nonepithelial Tissues In Vitro
Finally, to determine whether dpTR upregulates Shh expres-
sion in the epithelium even in the absence of non-Ep tissues,
we isolated the epithelium from the Tg intestine and cultured
it alone on a Matrigel, which mimics the basal lamina under-
neath the epithelium, in the absence of TH with heat shocks.
In the Tg epithelium, similar to Tg/Wt intestine, both apopto-
tic cells positive for Casp3 (Fig. 4A) and adult progenitor-like
cells double-positive for Shh and CK19 (Fig. 4B, 4C) were
detected on day 5. However, these cells did not express Msi-1
(Fig. 4D) or Akt (Fig. 4E). Thereafter, the epithelial cells
gradually decreased in cell number and never differentiated
into the absorptive epithelium expressing IFABP, similar to
the case of the Wt epithelium cultured alone in the presence
of TH [14]. Thus, TR-mediated changes in both the epithe-
lium and nonepithelial tissues are essential for proper cell-cell
interactions to facilitate the development of the adult epithe-
lial stem cells.

DISCUSSION

The Xenopus tadpole intestine, in which dedifferentiation of
the larval epithelium into stem cells can be induced by TH,

provides us an excellent opportunity to study mechanisms reg-
ulating organ-specific adult stem cells during postembryonic
development. In this study, we examined effects of tissue-spe-
cific TH signaling on intestinal epithelial remodeling by using
Tg tadpoles expressing dpTR and showed that TR-mediated
gene expression in both the epithelium and the surrounding
tissues is essential for dedifferentiation of the larval cells into
the adult stem cells.

Two Distinct Epithelial Responses to TH Exist
in the Tadpole Intestinal Epithelium
Previous in vivo study with the Tg tadpoles showed that TR
is sufficient to mediate metamorphic events including intesti-
nal remodeling [31]. In this study, we first demonstrated the
usefulness of intestinal tissues of these Tg tadpoles for organ
cultures in vitro. The number of adult progenitor and/or dif-
ferentiated cells in the intact Tg intestine was small compared
with Wt intestine cultured with TH, possibly because of
effects of endogenous TR and insufficient FLAG-dpTR
expression. However, the time course of larval-to-adult epi-
thelial remodeling in the intact Tg intestine is basically the
same as that in the Wt intestine cultured in the presence of
TH [13, 14, 19]. This indicates that dpTR-induced expression
of endogenous genes in the X. laevis intestine can reproduce
the entire process of the epithelial remodeling in the absence
of TH in vitro. In addition, our recombinant experiments
showed that FLAG-dpTR can be induced by heat shock in a
manner consistent with the source tissues.

One of important findings in our culture study is that adult
progenitor cells expressing Shh become detectable in the
intact Tg intestine and recombinant Tg/Tg and Tg/Wt

Table 1. Larval-to-adult epithelial remodeling in intact and recombinant intestines cultured with heat shocks in vitro

Epithelial cell type (positive for) Day

Intact intestine Recombinant intestine

Wt Tg Wt/Wta Tg/Tg Tg/Wt Wt/Tg

Larval apoptotic cell (Casp3) 5 0/8b 8/8 0/6 6/6 7/7 6/7
Adult progenitor cell (Shh) 5 0/5 4/4 0/8 5/5 7/9 0/7
Adult stem cell (Shh, Msi-1, Akt) 5 0/5 4/4 0/8 5/5 0/9 0/7
Adult differentiated cell (IFABP) 7 — 4/4 — 6/6 0/9 —

—, not determined because adult progenitor cells were not detected.
aType of Ep/type of non-Ep.
bNumber of intestines including positive cells/total number of intestines.Abbreviations: Casp3, caspase 3; IFABP, intestinal fatty acid-binding
protein; Msi-1, Musashi-1; Shh, sonic hedgehog; Tg, transgenic; Wt, wild type.

Figure 3. Adult epithelial development in recombinant Tg/Tg (A–D) and Tg/Wt (E–H) intestines in vitro. Cross sections were double-immuno-
stained with anti-Shh (green) and anti-CK19 (red; [A, E]), anti-Msi-1 (green) and anti-CK19 (red; [B, F]), and anti-Akt (green) and anti-CK19
(red) antibodies (C, G) or immunostained with anti-IFABP antibody (green; [D, H]). In both Tg/Tg (arrowheads; [A]) and Tg/Wt intestines (E),
cells positive for Shh become detectable on day 5 among cells expressing CK19. Cells positive for Msi1 and Akt are also detected among CK19-
immunoreactive cells in Tg/Tg intestine (arrowheads; [B, C]) but not in Tg/Wt intestine (F, G). Thereafter, on day 7, absorptive cells expressing
IFABP are differentiated in Tg/Tg intestine (arrow; [D]) but not in Tg/Wt intestine (H). Scale bar " 20 lm. Abbreviations: CK19, cytokeratin
19; IFABP, intestinal fatty acid-binding protein; Msi-1, Musashi-1; Shh, sonic hedgehog; Tg, transgenic; Wt, wild type.
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intestines, that is, whenever the epithelium is derived from Tg
tadpoles. It is worthy to note that the number of adult progen-
itor cells were limited and very few when they first appeared,
although most, but not all, Tg epithelial cells expressed
FLAG-dpTR. In addition, a small number of cells expressing
Shh also became detectable even in the Tg epithelium cul-
tured on an extracellular matrix (ECM) but in the absence of
connective tissue. These observations strongly suggest that by
stage 57, the larval epithelium can respond to TH action in
two distinct manners, that is, (a) a few cells that can express
Shh by the inductive action of TH and have a potency to
become adult progenitor cells and (b) the rest of the larval-
proper cells that undergo apoptosis under the action of TH.
How apparently identical epithelial cells exhibit such different
responses is unclear. One possibility is that homogeneous
larval epithelial cells may be determined to become either the
adult progenitor cells or the larval-proper cells after TH-
induced cell-cell communications between the epithelium and
nonepithelium. In other X. laevis organs, adult progenitor cells
of the skin have been shown to originate from ‘‘basal skein
cells,’’ which are morphologically distinguished as early as
stage 45 [35–37], when the circulating TH level is still low
[7]. It is an interesting future problem to clarify how the adult
stem cells are determined in these organs.

As for the larval-proper cells, their apoptosis was detected
in Wt/Tg intestine as in the intact Tg and recombinant Tg/Tg
intestines. This indicates that TR-mediated gene expression in
the surrounding tissues (cell-cell and/or cell-ECM interaction-
dependent pathway) can induce apoptosis of epithelial cells.
Previously, stromelysin-3 (ST3), one of the matrix metallo-
proteinases, has been identified as a direct TH response gene
whose expression is connective tissue-specific and has been
shown to induce larval epithelial apoptosis by altering cell-
ECM interactions in the X. laevis intestine [34, 38, 39]. The
present observation that apoptotic larval epithelial cells, but
no adult progenitor cells, were detected in Wt/Tg intestine
agrees well with ST3 functions demonstrated previously. On
the other hand, in Tg tadpoles expressing a dominant-negative
TR under the control of ST3 promoter, TH appears to cause
apoptosis irrespective of ST3 expression [40], which agrees
with the present result that apoptosis was also detected in Tg/
Wt intestine and the Tg epithelium alone and with the previ-

ous study showing apoptosis in epithelial cell cultures of the
X. laevis intestine [41]. Taken together, either one of the path-
ways, the cell-autonomous or the ST3-mediated pathway, is
sufficient to induce apoptosis of at least some of epithelial
cells (Fig. 5), although their molecular mechanisms have thus
far not been well identified.

Development of Adult Epithelium Requires
TH Signaling in the Surrounding Tissues
Other Than the Epithelium
Another important finding of this study is that despite the
cell autonomous formation of the Shh-positive adult progeni-
tor cells in the larval epithelium in response to TR activa-
tion, it should not be sufficient to call them authentic stem
cells. Similar to Wt/Wt intestine cultured in the presence of
TH [14, 30], the adult epithelium expressing IFABP was
formed only in Tg/Tg intestine but not in Tg/Wt intestine or
Tg epithelium alone on dpTR expression. This implies that
TR-mediated gene expression in nonepithelial tissues is
required for the progenitor cells to become true stem cells
that express all of the candidate stem cell markers such as
Msi-1 and can generate the differentiated adult epithelium
(Fig. 5). This is not inconsistent with the observation that
TH failed to cause normal adult epithelial development in Tg
tadpoles expressing a dominant-negative TR under the con-
trol of ST3, that is, in the connective tissue [40], although
this early study neither identify the adult epithelium nor ana-
lyze stem cells or stem cell markers. Among the stem cell
markers examined in the present study, Shh is the only one
known to be a direct TH response gene that is regulated at
the transcriptional level by TR [42]. Previously, we have
shown that Shh induces expression of bone morphogenetic
protein-4 (BMP-4) only in the connective tissue and that
Shh/BMP-4 signaling pathway is necessary for adult epithe-
lial development [43]. Although functions of Shh in dediffer-
entiation have not yet been elucidated, it seems likely that
TH-upregulated expression of Shh plays a key role in this
process and is an early step toward establishing the stem
cells. In contrast, it is highly possible that the expression of
Msi-1 and Akt is upregulated indirectly by TH through the
expression of TH response genes in the surrounding tissues
and is involved in a subsequent step in stem cell formation.

Figure 4. Transgenic epithelium cultured on a Matrigel for 5 days with heat shocks in vitro. Sections were immunostained with anti-Casp3 (A),
anti-Shh antibodies (B) or double-immunostained with anti-Shh (green) and anti-CK19 (red; [C]), anti-Msi1 (green) and anti-CK19 (red; [D]),
and anti-Akt (green) and anti-CK19 (red) antibodies (E). Apoptotic cells positive for Casp3 ([A], arrows) are detected. Cells positive for Shh
([B], arrowheads) are also detected among cells positive for CK19 (C), which remain negative for Msi-1 (D) and Akt (E). Scale bar " 20 lm.
Abbreviations: Casp3, caspase 3; CK19, cytokeratin 19; MG, Matrigel; Msi-1, Musashi-1; Shh, sonic hedgehog.
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Future studies should be directed toward identification and
functional analyses of such TH response genes, focusing on
members of BMP, Wnt, and Notch signaling pathways,
which are known to be expressed in the stem cell niche of
the adult mammalian intestine [44, 45] and are proposed to
be correlated with Msi-1 and Akt [46–48].

CONCLUSION

In summary, by using dpTR Tg frogs for organ cultures, we
demonstrated that TR-mediated gene expression in both the
epithelium and surrounding tissues is essential for the epithe-
lial dedifferentiation into stem cells that generate the adult
absorptive epithelium. This implies the importance of TR-
mediated signaling through tissue crosstalk to establish the
stem cell niche in the Xenopus intestine, from which a num-
ber of TH response genes have been isolated [25, 26, 49, 50].
Our amphibian intestinal remodeling system should pave a
way to functionally characterize candidate TH-induced niche
factors. Moreover, a growing number of TH response genes
identified in the mammalian intestine [51] are homologous
with genes expressed in the amphibian intestine during post-

embryonic development [52]. Among TH response genes,
there are signaling molecules such as b-catenin, secreted
frizzled-related protein 2, Gli2, and Notch 1. This conserva-
tion of gene expression between these two animal classes
may prove useful for elucidating the molecular basis of stem
cell niche development.

ACKNOWLEDGMENTS

We thank Dr. Kosuke Kawamura for his kind care to Tg tadpoles
and Mitsuko Kajita for her technical help. This work was sup-
ported in part by the JSPS Grants-in-Aid for Scientific Research
(C) (Grant number 20570060 to A. I.-O.) and in part by the Intra-
mural Research Program of NICHD, NIH (to Y.-B. S.).

DISCLOSURE OF POTENTIAL

CONFLICTS OF INTEREST

The authors indicate no potential conflicts of interest.

Figure 5. Schematic model showing larval-to-adult epithelial remodeling of the X. laevis intestine. The larval epithelium consists of a small
number of cells that have a potency to become adult stem cells and the other larval-proper cells. The former cells express Shh by direct action of
TH and begin to dedifferentiate (1). However, expression of TH target genes in the surrounding tissues is required for them to fully dedifferenti-
ate into stem cells that can generate the adult absorptive epithelium (2). Thus, TH-induced tissue crosstalk is involved in the establishment of the
stem cell niche. On the other hand, TH can induce apoptosis of the larval-proper cells through either intracellular (1) or extracellular pathways
(2). Abbreviations: bl, basal lamina; Casp3, caspase 3; CK19, cytokeratin 19; IFABP, intestinal fatty acid-binding protein; Msi-1, Musashi-1; PY,
pyronin Y; Shh, sonic hedgehog; TH, thyroid hormone.
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