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Abstract

The adult mammalian intestine has long been used as a model to study adult stem cell function
and tissue renewal as the intestinal epithelium is constantly undergoing self-renewal
throughout adult life. This is accomplished through the proliferation and subsequent differ-
entiation of the adult stem cells located in the crypt. The development of this self-renewal
system is, however, poorly understood. A number of studies suggest that the for-
mation/maturation of the adult intestine is conserved in vertebrates and depends on en-
dogenous thyroid hormone (T3). In amphibians such as Xenopus laevis, the process takes place
during metamorphosis, which is totally dependent upon T3 and resembles postembryonic
development in mammals when T3 levels are also high. During metamorphosis, the larval
epithelial cells in the tadpole intestine undergo apoptosis and concurrently, adult epithelial
stem/progenitor cells are formed de novo, which subsequently lead to the formation of a
trough-crest axis of the epithelial fold in the frog, resembling the crypt-villus axis in the adult
mammalian intestine. Here we will review some recent molecular and genetic studies that
support the conservation of the development of the adult intestinal stem cells in vertebrates.
We will discuss the mechanisms by which T3 regulates this process via its nuclear receptors.
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Introduction

Organ homeostasis and tissue repair is depend-
ent upon organ-specific adult stem cells. When

ological function of the intestine, is constantly re-
newed. In mammals, the stem cells located in the

needed, the adult stem cells proliferate and their off-
spring subsequently differentiate to replace the cells
lost physiologically or due to tissue damage. Because
of the obvious potential medical applications, exten-
sive studies have been carried out on the properties
and functions of various adult stem cells. One of the
best-studied models for adult stem cells is the verte-
brate intestine. Throughout adult life, the intestinal
epithelium, the tissue responsible for the main physi-

crypts proliferate and their offspring then differenti-
ate as they migrate up along the villus/crypt axis to
replace the fully differentiated cells undergoing
physiological apoptosis or programmed cell death
near the tip of the villus. This allows the entire intes-
tinal epithelium to be replaced once every 1-6 days
[1-3]. A similar self-renewing system exists in other
vertebrates as well. In the case of metamorphosing
amphibians such as Xenopus laevis, the epithelium is
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self-renewed every 2 weeks or so [4].

While extensive studies have been done to
characterize the adult stem cells in the mammalian
intestine [3, 5-7], there is only limited information on
their formation during development. In mammals, the
maturation of the intestine takes place around birth
[6-9], a period termed post-embryonic development
when plasma thyroid hormone (T3) concentrations
are high [10]. Interestingly, this postembryonic period
resembles the T3-dependent amphibian metamor-
phosis [10] when the larval intestine transforms into
the frog intestine in a process involving de novo for-
mation of the intestinal stem cells [6, 8, 11]. Here we
will review some recent findings on the regulation of
the adult intestinal stem cell formation by T3.

Adult stem cell formation during postem-
bryonic development.

In mammals, a functional intestine is formed
during embryogenesis. The intestine, however, un-
dergoes extensive maturation around birth to form
the adult intestine [6, 7, 9]. During mouse embryo-
genesis, villus formation begins around embryonic
day 14.5 (E14.5) but crypt formation and the estab-
lishment of the mature villus-crypt axis, where the
adult stem cells are localized in the crypts, take place
in the first 3 weeks after birth [6, 7, 9]. In Xenopus
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laevis, arguably the best studied amphibian species, a
functional intestine is formed at the end of embryo-
genesis in a feeding tadpole [11]. The tadpole intestine
has a much simpler structure than the frog intestine.
In premetamorphic tadpoles, the intestine is made of
mostly a single layer of larval epithelial cells, with
little surrounding connective tissue and muscles ex-
cept in the typhlosole, the single epithelial fold in the
tadpole intestine [11] (Fig. 1). During metamorphosis,
the larval epithelial cells undergo programmed cell
death or apoptosis and concurrently, adult epithelial
progenitor cells are formed de novo and rapidly pro-
liferate [6, 8, 11-13]. These cells express strongly the
typical markers, such as LGR5 (Fig. 2) [14], which are
expressed in the mammalian adult intestinal stem
cells (and thus for simplicity, we will refer them as
adult stem cells or progenitor cells interchangeably).
Subsequently these cells differentiate to form a mul-
tiply folded adult epithelium with elaborate connec-
tive tissue and muscles (Fig. 1). While there is no fur-
ther formation of the crypt-villus axis along the epi-
thelial folds, the frog trough-crest axis of the epithelial
folds formed by the end of metamorphosis, with the
adult stem cells eventually restricted to the trough of
the fold, resembles the crypt-villus axis in adult
mammals.
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Fig. 1. Intestinal remodeling during Xenopus laevis metamorphosis as a model to study adult organ-specific stem cell
development in vertebrates. In premetamorphic tadpoles at stage 51, the intestine has only a single fold, the typhlosole, and is
structurally similar to the mammalian embryonic intestine. At the metamorphic climax around stage 61, the larval epithelial cells begin to
undergo apoptosis, as indicated by the open circles. Concurrently, the proliferating adult progenitor/stem cells are developed de novo
from larval epithelial cells through dedifferentiation, as indicated by black dots. By the end of metamorphosis at stage 66, the newly
differentiated adult epithelial cells form a multiply folded epithelium, similar to mammalian adult intestines.
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Fig. 2. The adult intestinal stem cell marker gene LGRS is upregulated at the climax of intestinal metamorphosis.
Cross-sections of the intestine at premetamorphic stage 54 (A, A"), metamorphic climax stage 62 (B, B’), and the end of metamorphosis
(stage 66) (C, C") were analyzed by in situ hybridization for LGR5 expression. Arrows indicate the cells expressing LGR5 (A’-C’). Higher
magnification of boxed areas in (A)-(C) are shown in (A')-(C’). AE: adult epithelial progenitor/stem cells, CT: connective tissue, LE: larval
epithelial cell, Lu: lumen, M: muscle layer, Ty: typhlosole. Scale bars are 100 ym (A-C) and 20 pm (A’-C’), respectively. Based on [14].

T3 regulation of adult intestinal stem cell
formation.

T3 has long been known to be essential and sufficient
for frog metamorphosis [15, 16]. In premetamorphic
tadpoles, there is little T3. The endogenous T3 be-
comes detectable around stage 55 in Xenopus laevis,
the onset of metamorphosis. As metamorphosis pro-
ceeds, the plasma T3 rises to a peak level around stage
62, the climax of metamorphosis. By the end of met-
amorphosis as tail resorption completes, plasma T3 is
reduced to much lower levels [17]. Importantly, while
different organs undergo vastly different changes,
including total resorption of the tail at the end of
metamorphosis, de novo formation of the limbs early
during metamorphosis, all metamorphic events are
controlled by T3. Blocking the synthesis of endoge-
nous T3 leads to metamorphosis inhibition and the

formation of giant tadpoles while addition of exoge-
nous, physiological levels of T3 induces precocious
metamorphosis in premetamorphic tadpoles. More
importantly, the effect of T3 on different organs ap-
pear to be organ autonomous since cultures of dif-
ferent organs such as tail, limb, and intestine, from
premetamorphic tadpoles can be induced to meta-
morphose with the addition of T3 to the medium [15,
16]. When Xenopus laevis tadpole intestine is cultured
with T3, both larval cell death and adult epithelium
development are induced, indicating not only that T3
controls the formation of the adult intestinal stem cells
but also that the stem cells are originated from the
larval intestine.

To determine the origin of the adult
stem/ progenitor cells, we have recently made use of
the ability to induce intestinal metamorphosis in or-
gan cultures with T3 treatment and the existence of a
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transgenic frog line expressing GFP ubiquitously. We
isolated intestine from premetamorphic transgenic
tadpoles as well as wild type siblings and separated
the epithelium from the rest of the intestine (the
non-epithelium). We recombined epithelium derived
from wild type or GFP-expressing transgenic tadpoles
with the non-epithelium from either wild type or
GFP-expressing transgenic tadpoles. We treated the
cultures with T3 to induce metamorphosis, leading to
the formation of adult progenitor/stem cells after 5
days and eventually adult epithelium after longer
treatment. We showed that GFP-labeled adult stem
cells and GFP-labeled differentiated adult epithelium
were formed only when the epithelium used for the
recombinant organ cultures was derived from trans-
genic tadpoles expressing GFP [12], indicating that the
intestinal progenitor/stem cells originate from the
larval epithelium, likely through T3-induced dedif-
ferentiation of some larval epithelial cells.

Similarly, T3 appears to play a critical role in the
development of mammalian adult intestinal stem
cells. As indicated above, intestinal maturation occurs
around birth in mammals when plasma T3 levels are
high, just like during amphibian metamorphosis. In
mouse, this corresponds to the first 3 weeks after birth
with plasma T3 level peaks around 2 weeks after birth
[18]. T3 or T3 receptor (TR, see below) deficiency leads
to reduction in the number of epithelial cells along the
crypt-villus axis and abnormal intestinal morphology
[19-23], arguing that proper T3 signaling is important
for adult stem cell formation.

Mechanism of gene regulation by T3.

T3 functions mainly by regulating gene expres-
sion via its nuclear receptors or TRs. T3 can both ac-
tivate and repress target gene expression. Most stud-
ies on T3 have been on genes induced by T3. In vitro
and in vivo studies by using reporter genes have
shown that TRs mainly function as heterodimers with
9-cis retinoic acid receptors (RXRs) to bind to T3 re-
sponse element (TRE) in T3 inducible target genes
[24-27]. In the absence of T3, TR/RXR represses target
genes by recruiting corepressor complexes that con-
tain histone deacetylases while when T3 is present,
liganded TR/RXR recruits coactivator complexes
containing various histone modification enzymes and
chromatin remodeling proteins to alter local chroma-
tin and activate transcription [25, 28-36]. Importantly,
we and others have shown that during Xenopus laevis
development, unliganded TR/RXR binds to target
genes in premetamorphic tadpoles and recruits core-
pressor complexes, which are important to regulate
the timing of metamorphosis [36-39]. On the other
hand, liganded TR is required to recruit coactivators

to the endogenous target genes during metamorpho-
sis to activate their expression and induce metamor-
phosis [36, 40-53].

A number of studies have shown that the
T3-dependent recruitment of various cofactor com-
plexes correlates with local histone modifications,
particularly acetylation and methylations, and gene
regulation at target genes during metamorphosis
[36-39, 47, 49-56]. In addition to histone modifications,
gene activation by liganded TR in the frog oocyte
transcription system, where the DNA is chromat-
inized, also leads to chromatin disruption [57-59],
resulting in a loss of up to 3 nucleosomes per receptor
binding locus [58]. Such nucleosome removal by
liganded TR may be mediated by the recruit chroma-
tin remodeling complexes containing Brgl and BAF57
to the TRE of the reporter gene [60, 61]. Interestingly,
both Brgl and BAF57 are expressed during intestinal
metamorphosis in Xenopus laevis [61], suggesting that
similar nucleosome removal occurs during intestinal
metamorphosis. Indeed, we have recently shown that
in Xenopus tropicalis, a species highly related to
Xenopus laevis, gene activation by T3 causes the loss of
core histones at TR target genes both during natural
and T3-induced intestinal remodeling [55]. Thus, T3
regulates target gene transcription during intestinal
stem cell development via both histone modifications
and nucleosomal removal to facilitate the recruitment
of transcriptional machinery (Fig. 3).

Gene regulation during adult stem cell de-
velopment.

The total dependence on T3 of intestinal meta-
morphosis in amphibians offers a means to identify
genes likely involved in adult stem cell development.
We and others have previously isolated genes that are
regulated by T3 in the intestine of Xenopus laevis
[62-66]. In particular, genome-wide microarray stud-
ies have identified many genes and signaling path-
ways whose regulation correlates with stem cell de-
velopment and larval cell death during intestinal
metamorphosis [63, 65]. Interestingly, a comparative
study found that among the genes that are highly
upregulated in the intestine (7 fold or more) at the
climax of metamorphosis (stage 61) compared to pre-
or end of metamorphosis, most of the homologous
genes in mouse (19 out of 27 analyzed) have their
peak levels of expression in the intestine within the
first 2 weeks after birth [65], when the mouse intestine
matures into the adult form. These findings suggest
that similar T3-dependent gene regulation programs
function in the formation of the adult intestinal stem
cells in both amphibians and mammals.
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Fig. 3. A model for gene regulation by TR. T3 functions by regulating gene transcription through T3 receptors (TRs). In
the absence of T3 (as in premetamorphic tadpole), TR forms heterodimers with RXR (9-cis retinoic acid receptor) and the heterodimer
binds to the T3 response elements (TREs) in the target genes to repress their expression by recruiting corepressor complexes containing
histone deacetylases. When T3 is present, the corepressor complexes are released and the liganded TR/RXR recruits coactivator
complexes containing histone acetyltransferases and histone methyltransferases such as PRMTI (protein arginine methyltransferase I).
The coactivator complexes will modify histones or cause the removal of nucleosomes, leading to the activation of gene expression. Based

on [55].

Among the genes upregulated during intestinal
metamorphosis is protein arginine methyltransferase
1 (PRMT1) [49, 67], which functions as TR-coactivator.
PRMT1 is highly expressed in the adult progeni-
tor/stem cells but not in larval or adult differentiated
epithelial cells [68]. Transgenic overexpression of
PRMT1 leads to increased adult progenitor/stem cells,
while knocking down the endogenous PRMT1 ex-
pression reduces these cells, arguing that PRMT1 is
important for the formation and/or proliferation of
the adult progenitor and/ or stem cells [68].

Interestingly, when PRMT1 expression was an-
alyzed during mouse and zebrafish development, a
similar spatiotemporal pattern was observed [68].
That is, little PRMT1 expression was detected in the
larval /neonatal intestine in zebrafish or mouse when
plasma T3 levels were low. During the transition to
the adult intestine when T3 levels were high, PRMT1
was upregulated in the presumptive developing adult
stem cells. These findings suggest that the embryon-
ic/neonatal mouse or zebrafish intestinal stem cells
are molecularly distinct from those in the adult intes-
tine and that the formation of the adult intestinal stem
cells may utilize conserved mechanisms, such as the
dependence on T3 and involvement of PRMT1, dur-

ing vertebrate development. PRMT1 upregulation
thus represents the first reported molecular events
during mouse or zebrafish adult stem cell develop-
ment.

Two recent studies in mouse have provided
further evidence that mouse adult intestinal stem cells
are distinct from the embryonic/neonatal epithelial or
stem cells. Harper et al. [9] and Muncan et al. [69]
studied the transcriptional repressor, B lympho-
cyte-induced maturation protein 1 (Blimpl) during
mouse development by using knockout animals.
Blimp1 is strongly expressed throughout the intestinal
epithelium of embryonic and newborn mice. Shortly
after birth as the intestine matures into the adult form,
Blimp1 expression is down-regulated in the intervil-
lus pockets where crypts begin to develop, while its
expression in the rest of the epithelium cells persists.
As the crypts develop, all cells in the newly formed
crypts lack Blimpl expression. Subsequently, the ep-
ithelial cells in the villus gradually loses Blimpl ex-
pression, first at the bottom and then toward the tip of
the villus, likely due to the replacement of the neona-
tal epithelial cells by the newly differentiated epithe-
lial cells derived from the crypt cells lacking Blimpl
expression that are migrating toward the tip of the
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villus. Eventually, in the adult intestine, Blimp1 ex-
pression is absent throughout the epithelium. Thus,
the loss of Blimp1 expression in the developing crypt
is likely one of the early events for the embryon-
ic/neonatal epithelial cells to develop into the adult
stem cells, whose offspring subsequently populate the
epithelium in the adult intestine. Consistently and
more importantly, intestinal epithelium-specific
knockout of Blimp1 causes fetal intestinal epithelium
to adopt the adult epithelium fate, indicating that
Blimp1 functions to delay maturation of the intestinal
epithelium. Thus, like in amphibians, the adult stem
cells are distinct from the embryonic/neonatal stem
cells but are derived from the immature fetal epithe-
lial cells.

Conclusion

Adult organ-specific stem cells have attracted a
great deal of attention due to their potential applica-
tion in tissue replacement therapies. The constant
self-renewal of the intestinal epithelium has made
intestinal stem cells an excellent model to study stem
cell property and function. Studies on intestinal
metamorphosis in amphibians and intestinal matura-
tion in mouse have shown that the adult stem cells of
the intestine are distinct from the larval/neonatal in-
testinal epithelial (stem) cells and that they are formed
during postembryonic development in a T3 depend-
ent manner. Furthermore, many genes are similarly
regulated during the development of the adult intes-
tinal stem cells in mouse and Xenopus laevis. In par-
ticular, PRMT1 has been shown to be important for
adult intestinal stem cell development in Xenopus
laevis while Blimp1 is important for delaying the for-
mation of the adult intestine in mouse, a process im-
portant for neonatal survival of the animal [9, 69].
These findings raise many interesting questions for
future studies. One obvious question is whether the
downregulation of Blimpl and upregulation of
PRMT1 in the intestine during mouse postembryonic
development are also regulated by T3. What is the
relationship, if any, between Blimp 1 downregulation
and PRMT1 upregulation? Conversely, the regulation
and function of Blimpl gene during amphibian
metamorphosis will also be a subject of future re-
search. Additionally, stem cell formation and survival
also depend on the presence of proper stem cell niche.
The nature and function of such niche during adult
intestinal stem cell development remain to be inves-
tigated. Interestingly, our recent recombinant organ
culture studies with transgenic animals expressing a
constitutively active TR suggest that T3 induces the
larval/tadpole epithelium to undergo
cell-autonomous formation of adult progenitor cells

and also induces the non-epithelial tissues, most likely
the connective tissue, to form or contribute to the es-
tablishment of the adult stem cell niche [70]. The ac-
tions of T3 in both the epithelium and non-epithelium
are required for the formation of true adult stem cells
expressing the adult intestinal stem cell markers and
eventually the adult epithelium. It is tempting to
speculate the during mammalian postembryonic de-
velopment, T3 also induces the non-epithelium to
help the formation of adult stem cell niche for the
transformation of the Blimpl positive embryon-
ic/neonatal cells to Blimpl negative adult intestinal
stem cells. Identifying the genes and factors induced
by T3 in the non-epithelium is clearly important to-
ward understanding the nature of the stem cell niche
and the mechanism of stem cell development during
vertebrate development.
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