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Abstract

The intestine has long been studied as a model for adult stem cells due to the life-long self-renewal 

of the intestinal epithelium through the proliferation of the adult intestinal stem cells. Recent 

evidence suggests that the formation of adult intestinal stem cells in mammals takes place during 

the thyroid hormone-dependent neonatal period, also known as postembryonic development, 

which resembles intestinal remodeling during frog metamorphosis. Studies on the metamorphosis 

in Xenopus laevis have revealed that many members of the Sox family, a large family of DNA 

binding transcription factors, are upregulated in the intestinal epithelium during the formation 

and/or proliferation of the intestinal stem cells. Similarly, a number of Sox genes have been 

implicated in intestinal development and pathogenesis in mammals. Futures studies are needed to 

determine the expression and potential involvement of this important gene family in the 

development of the adult intestinal stem cells. These include the analyses of the expression and 

regulation of these and other Sox genes during postembryonic development in mammals as well as 

functional investigations in both mammals and amphibians by using the recently developed gene 

knockout technologies.
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Introduction

Like most many other tissues that are exposed to external environment, the vertebrate 

intestinal epithelium undergoes constant self-renewal throughout adult life. This is 

accomplished through the proliferation of the adult stem cells. In mammals, the stem cells 

are localized in the crypt of intestine while the differentiated cells, except the Paneth cells, 
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are present along the villus of the crypt-villus axis [1–5]. As the stem cells proliferate in the 

crypt, their daughter cells migrate along the crypt-villus axis and gradually differentiate into 

different types of epithelial cells, leading to the replacement of the entire epithelium once 

every 1–6 days in mammals [1, 2, 5] [1, 2, 5]. Similar self-renewing structure is also present 

in other vertebrates, including anuran amphibians such as Xenopus laevis, where the 

epithelium is renewed once every 2 weeks [6]. Such an interesting self-renewing property 

has made intestine a valuable model system to study the property and functions of adult 

organ-specific stem cells. These studies have revealed many genes and signaling pathways 

important for intestinal development and cell renewal in the adult, among which include 

Wnt, Notch, and hedgehog pathways [4, 5, 7–9].

Increasing evidence suggest that members of the Sox gene family play critical roles in 

intestinal development and adult stem cell function. The Sox gene family consists of over 

two-dozen genes subdivided into 9 subgroups based on the presence of various structural 

domains [10]. They were first identified based on homology to the HMG box in mammalian 

testis determining factor SRY [11–13]. The Sox proteins are DNA-sequence specific 

transcription factors. A conserved HMG box is present in all Sox proteins and binds to 

specific DNA elements with a consensus of ATTGTT in the target genes [10–13]. Different 

other structural domains are present in different subgroups and enable Sox proteins to 

function as either transcriptional repressors or activators and interact with other proteins. 

Thus, not surprisingly, Sox genes are involved in diverse physiological and pathological 

processes. Here, we review some findings on the roles of Sox genes in the development of 

vertebrate intestine, with a particular focus on adult intestinal stem cells.

Vertebrate intestinal development and the formation of adult stem cells

In mammals, a functional intestine is formed during embryogenesis, which subsequently 

undergoes extensive maturation around birth to form the adult intestine [14–16]. During 

embryogenesis, the gut is developed from the definitive endoderm and the splanchnic lateral 

mesoderm, and subsequently differentiates into several digestive organs including stomach 

and intestine. In mouse, intestinal morphogenesis, in particular, the formation of the villus 

starts around embryonic day 14.5 (E14.5) [15, 16]. Subsequently, cell proliferation in the 

epithelium is gradually restricted to the intervillus region, where the invagination of the 

epithelium into the connective tissue gives rise to the formation of crypts after birth [15, 16]. 

(Fig. 1A). By about 3–4 weeks after birth, an adult intestine is formed with a villus-crypt 

axis, where the adult stem cells are localized in the crypts [14–16].

A similar developmental process takes place in the intestine of anuran amphibians. In 

Xenopus laevis and Xenopus tropicalis, perhaps the two best studied amphibian species, the 

intestine undergoes biphasic development, first forming a functional larval intestine by the 

end of embryogenesis, when a free-feeding tadpole is formed, and subsequent remodeling 

into the frog intestine during metamorphosis (Fig. 1B) [17, 18]. The tadpole or larval 

intestine has a simple tubular structure resembling the embryonic intestine in mammals. It is 

made of a single layer of larval epithelial cells surrounded by thin layers of connective tissue 

and muscles. There is a single epithelial fold in the tadpole intestine, the typhlosole, where 

connective tissue is abundant [17]. During metamorphosis, the larval epithelial cells undergo 
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apoptosis and adult epithelial stem cells are formed de novo, and subsequently proliferate 

and differentiate to form the multiply folded adult epithelium with concurrent development 

of the muscles and connective tissue (Fig. 1B) [14, 17, 19–21]. While there is no further 

formation of the crypt-villus axis along the epithelial folds as in mammals, in the adult frog, 

the stem cells are localized at the bottom of the fold (the trough) while the differentiated 

epithelial cells at the tip of the fold (the crest) undergo apoptosis. Thus, the frog trough-crest 

axis resembles the crypt-villus axis in adult mammals.

Regulation of intestinal development by thyroid hormone (T3)

Like many other organs, the intestine develops into the adult form, with well-established 

crypt-villus axis, during the postembryonic development, a period around birth in mammals 

[9, 14, 16, 21–23]. Interestingly, this period is also characterized by the presence of peak 

levels of T3 in the circulating plasma. In mouse, this corresponds to the first 3–4 weeks after 

birth with plasma T3 level peaking around 2 weeks after birth [24]. The intestine of newborn 

mice lacks crypts, and the crypts are formed as the T3 level rises in the plasma after birth [9, 

14, 16, 23]. Importantly, T3 or T3 receptor (see below) deficiency leads to reduction in the 

number of epithelial cells along the crypt-villus axis and abnormal intestinal morphology 

[25–29], suggesting that T3 is important for the maturation of the mouse intestine.

Similarly, the remodeling of the larval intestine to the frog form takes place when plasma T3 

level is high during amphibian metamorphosis [14, 17, 21]. In fact, many processes that 

occur during amphibian metamorphosis resemble those during mammalian postembryonic 

development [22, 30–32]. On the other hand, amphibian metamorphosis is absolutely 

dependent on T3 and takes place externally, independent of maternal influence. Thus, it can 

be easily manipulated in intact animals in vivo or even in organ or primary cell cultures by 

controlling the availability of T3 [22, 30, 33–35]. This has made amphibian metamorphosis 

an excellent model to study adult organ development in vertebrates.

Earlier studies have shown that T3-induces larval epithelial cells to undergo apoptosis and 

the formation of the adult intestinal stem cells [17, 21, 31, 36–38]. Importantly, there are no 

identifiable stem cells in the larval/tadpole epithelium that give rise to the adult epithelium. 

Instead, some larval epithelial cells, for yet unknown reason, undergo dedifferentiation 

induced by T3, and proliferate as clusters of cells or islets at the climax of natural 

metamorphosis or after prolonged T3 treatment (Fig. 2) [17, 39, 40]. These proliferating cell 

clusters express known molecular markers of mammalian adult intestinal stem cells, such as 

Lgr5 (Fig. 2) [40–42]. Thus, the formation of the adult intestine involves de novo 
development of adult stem cells, making intestinal metamorphosis a unique model to study 

how adult organ-specific stem cells are formed during vertebrate development.

T3 is known to affect metamorphosis by regulating gene transcription through T3 receptors 

(TRs) [7, 43–50]. TRs are members of the nuclear hormone receptor superfamily and bind to 

specific DNA elements present in their target genes. In vitro and in vivo studies by using 

reporter genes have shown that for genes that are induced by T3, TRs mainly function as 

heterodimers with 9-cis retinoic acid receptors (RXRs), also members of the nuclear 

hormone receptor superfamily [51–54]. In the absence of T3, TR/RXR heterodimers repress 
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target genes by recruiting corepressor complexes that contain histone deacetylases [47, 55–

64]. When T3 is available, T3-bound TR/RXR recruits coactivator complexes containing 

various histone modification enzymes and chromatin remodeling proteins to alter local 

chromatin and activate transcription [46, 52, 55, 56, 58, 65–69]. Importantly, by using 

molecular and genetic approaches, we and others have shown that during Xenopus 
development, unliganded TR/RXR binds to target genes in premetamorphic tadpoles and 

recruits corepressor complexes, which are important to regulate the timing of metamorphosis 

[7, 46, 48–50, 70–72]. On the other hand, liganded TR is required to recruit coactivators to 

the endogenous target genes during metamorphosis to activate their expression and induce 

metamorphosis, including intestinal remodeling [43–46, 73–83].

Involvement of Sox genes during intestinal remodeling

Toward understanding how T3 regulates the intestinal stem cell development during 

metamorphosis, we have carried out microarray studies to identify genes that are regulated 

by T3 in the intestine [84–88]. Many genes that are regulated during intestinal remodeling 

were thus identified. Among them include genes of the Sox family (Table 1). Members of 

the Sox family are transcription factors that share a DNA binding domain made of a 

conserved HMG box [11–13]. They are classified into 9 groups. Members from different 

groups share little similarity except in the DNA-binding domain, while those within a group 

have similar domain organizations [10–13, 89]. Interestingly, among the genes regulated 

during intestinal metamorphosis include 11 Sox genes from 5 of the 9 groups (Table 1). Six 

of them are upregulated at stage 61, the climax of metamorphosis when adult stem cells are 

forming and proliferating [17, 40], implicating their potential involvement in these 

processes. These include the single regulated gene in the SoxB1 group (Sox3), all three of 

genes in the SoxC group (Sox 4, 11, 12), one each of the three regulated genes in SoxE or 

SoxF group (Sox9 or Sox17, respectively). In particular, Sox3, 4, and 12 are upregulated in 

the epithelium at the climax (stage 61), thus very likely directly involved in the developing 

adult stem cells, while it remains to be determined if the other three (Sox9, 11, 17) are 

upregulated in the epithelium.

The single regulated gene in SoxD group, Sox13, is upregulated in the epithelium at stage 

66, the end of metamorphosis, suggesting that it functions mainly in the frog intestinal 

epithelium. Three other genes, one in SoxE group (Sox8) and two in SoxF group (Sox7 and 

18) were found to be down-regulated only in the non-epithelium (all intestinal tissues minus 

the epithelium) of the intestine at the climax of metamorphosis (stage 61) while the last 

gene, Sox10 in SoxE group, is downregulated in the epithelium but upregulated in the non-

epithelium. Thus, these four genes are unlikely involved in stem cell formation and/or 

proliferation.

More detailed analyses have been carried out on the Sox3 gene. Sox3 belongs to the SoxB1 

group that also include Sox1 and 2 [13]. All members of the SoxB1 group have been 

implicated in vertebrate neurogenesis during development [10, 13, 89–103]. Of particular 

interest, Sox2 is one of the four transcription factors that were initially found to be sufficient 

to reprogram mammalian fibroblasts into pluripotent stem cells [104]. In addition, in the 

central nervous system (CNS), all three SoxB1 genes appear to be required for stem-cell 
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maintenance [10, 89, 91]. Thus, the upregulation of Sox3 during intestinal remodeling raises 

the possibility of its involvement in adult intestinal stem cell development and/or 

proliferation. As T3 is the causative agent of intestinal remodeling [8, 30, 32], T3 likely 

regulates the expression of Sox3. Indeed, T3 treatment of premetamorphic tadpoles leads to 

strong induction of Sox3 expression and this induction appears to be independent of new 

protein synthesis [105], suggesting that Sox3 is directly regulated by T3 at the transcription 

level via TRs. Consistently, several putative T3 response elements (TREs) are present 

upstream of the Sox3 transcription start site (Fig. 3A). In particular, one of them, TRE2 

binds to TR/RXR heterodimers strongly in vitro and is required to mediate the activation of 

the Sox3 promoter by TR/RXR in the presence of T3 in reconstituted frog oocyte 

transcription system (Fig. 3B, C). Thus, TR/RXR likely binds to TRE2 in the tadpole 

intestine and activates Sox3 gene transcription during metamorphosis when T3 is present.

Developmentally, Sox3 gene has little expression in the intestine before or after 

metamorphosis but highly upregulated at the climax of metamorphosis (stage 58–64, Fig. 

4A). In particular, its mRNA level peaks at stage 62, when most of the cells in the 

epithelium are proliferating adult stem cells [17, 39, 40]. Furthermore, Sox3 is exclusively 

expressed in the intestinal epithelium but not in the rest of the intestinal tissues (non-

epithelium, Fig. 4B). Finally, in situ hybridization analysis indicates that Sox3 is expressed 

in the proliferating adult epithelial stem cells at the climax metamorphosis [105]. These 

findings strongly support a role of Sox3 in either the formation and/or proliferation of adult 

intestinal stem cells during metamorphosis.

While similar analyses have not been done on other Sox genes regulated during intestinal 

metamorphosis, the tissue- and developmental stage-dependent regulation of different Sox 

genes during intestinal metamorphosis (Table 1) argues for different roles of different Sox 

genes in the intestine. It is very likely that the other five Sox genes (Sox4, 9, 11, 12, 17) that 

are upregulated at the climax of metamorphosis (stage 61) (Table 1) are involved in adult 

stem cell development, while the rest (Sox7, Sox8, Sox10, Sox13, and Sox18) likely 

function in the larval and/or adult intestine but not in the stem cell development during 

metamorphosis as inferred from their spatiotemporal regulation patterns.

Sox genes during mammalian intestinal development and pathogenesis

Increasing evidence points to the involvement of Sox genes in mammalian intestinal 

development and a few excellent reviews have been published on this subject [106–108]. 

One of the most studied in the gastrointestinal tract is Sox9, a member of the SoxE 

subfamily. Sox9 was first described as the gene whose haploinsufficiency leads to 

Campomelic Dysplasia with symptoms including XY sex reversal, skeletal defects and 

pancreatic endocrine defects [108–113]. It has subsequently been shown to be important for 

the development of many organs and tissues, including the intestine [108]. During mouse 

development, Sox9 is expressed throughout duodenal epithelium as early as embryonic day 

13.5 (E13.5) and subsequently restricted to the proliferating epithelial cells, the Paneth and 

enteroendocrine cells around E18.5, and finally only in the crypt of the adult intestine [114]. 

Sox9 is regulated by Wnt pathway, which is known to be important for intestinal stem cells, 

and in turn represses Cdx2 and Muc2, two genes involved in epithelial differentiation [114], 
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implicating a role in adult intestinal stem cell function. On the other hand, conditional 

knockout of the Sox9 in the intestinal epithelium led to increased proliferation [115], 

suggesting possible compensation by related genes. Consistent with the expression of Sox9 

in the Paneth cells, the conditional knockout resulted in the loss of Paneth cells in the crypts 

and altered intestinal morphology [115, 116].

Sox9 appears to function in a dose-dependent manner, as first revealed by the causative role 

of Sox9 haploinsufficiency in Campomelic Dysplasia [109, 111, 112]. GFP reporter labeling 

studies indicate that Sox9 is expressed mostly in two types of cells in the crypt, with high 

and low levels of Sox9 expression, respectively [117, 118]. The cells with high levels of 

Sox9 expression are differentiated enteroendocrine cells [117]. The crypt cells with low 

levels of Sox9 expression also express well-known adult intestinal stem cell markers such as 

Lgr5 and Musashi [117]. Thus, Sox9 function in the intestine is dose-dependent.

Another Sox gene, Sox17, has been shown to be expressed in the intestine in both human 

and mouse [119–121]. Importantly, Sox17 knockout in mouse results in the loss of definitive 

gut endoderm and no homozygous Sox17 knockout embryos were found after E10.5 or at 

birth [122]. Furthermore, in chimeras, Sox17-null ES cells can contribute to ectodermal and 

mesodermal tissues, few of them colonize the foregut and hindgut endoderm [122]. In 

addition, studies by using an in vitro differentiation system of embryonic stem cells have 

shown that Sox17 is important for late-stage differentiation of the extraembryonic endoderm 

[123]. Thus, Sox17 plays a critical role in early intestinal development.

Sox2, a member of the SoxB1 subfamily [13] and perhaps the best-known Sox gene due to it 

being one of the four transcription factors that were initially found to be sufficient to 

reprogram fibroblasts into pluripotent stem cells is Sox2 [104], has also been implicated in 

intestinal development [124]. Earlier studies have shown that like other members of the 

SoxB1 subfamily, Sox2 plays roles in inducing neural progenitor cell formation during 

embryonic development in vertebrates and are required for stem-cell maintenance in the 

central nervous system (CNS) [13, 90–93, 95, 97, 99, 103]. More recently, Kuzmichev et al. 

used an inducible system to express Sox2 in Lgr5+ intestinal stem cells in mice and observed 

that Sox2 expression increased stem cells and repressed the expression of Cdx2, a master 

regulator of endodermal identity [124]. Mechanistically, they showed that Sox2 affects 

intestinal stem cell identity by regulating the expression of Sox21, another member of the 

SoxB gene family, in cell-autonomous manner in intestinal stem cells and that Sox21 in turn 

repress the expression of Cdx2 [124].

Additionally, Sox4 [121], Sox7 [125], Sox10 [126], and Sox18 [127] are known to be 

expressed in mouse and/or human intestine. But their spatiotemporal expression profiles are 

not known and no functional studies have been carried out.

Given their involvement in intestinal development and/or function, it is not surprising that 

increasing studies have revealed the participation of Sox genes in intestinal diseases [106, 

107]. Sox9 appears to have a tumor suppressive function. Sox9 mRNA and protein are 

strongly expressed in a number of colon cancer cell lines compared to a non-intestinal 

epithelial cell line [114]. On the other hand, overexpressing Sox9 increases apoptosis in 
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colon cancer cell lines in vitro by inhibiting the expression of the carcinoembryonic antigen, 

which has anti-apoptotic effect in colon cancers [128, 129]. Similarly, Sox9-deficiency in 

mice and colorectal carcinoma leads to increased expression of claudin-7, which in turn 

promotes a loss of tumor cell polarization and contributes to tumorigenesis [130]. Finally, 

Sox9 knockout in mice resulted in not only the loss of Paneth cells in the crypt but also 

general hyperplasia and local crypt dysplasia, accompanied by increased expression of Wnt 

pathway target genes in the intestine [116].

Similarly, Sox7 is frequently down-regulated in human colorectal cancer cell lines and in 

primary colorectal tumor tissues [131]. Restoration of Sox7 expression induces colorectal 

cancer cell apoptosis and inhibits cell proliferation and colony formation [131]. Sox7 may 

function as a tumor suppressor in part by inhibiting Wnt signaling pathway as it can 

significantly reduce the Wnt/β-catenin stimulated gene expression [125, 131]. Finally, Sox4 

[132, 133] and Sox17 [134, 135] also have altered expression in intestinal tumors, although 

their roles are not clear at the present time.

Conclusion

The constant self-renewal of the intestinal epithelium throughout adult life through stem 

cells residing in intestinal crypts and increasing incidence of intestinal diseases, especially 

colon cancer have made intestine an important and well studied model for understanding 

organogenesis and stem cell function. Given the importance of adult organ-specific stem 

cells in organ homeostasis, understanding the formation of such stem cells is critical for the 

potential use of stem cells in tissue-repair and regeneration. Increasing evidence suggest that 

the formation of the adult intestinal stem cells in mammals occurs during postembryonic 

development when T3 levels peaks in vertebrates [9, 14, 16, 21–23, 25–29, 31, 136–138]. 

However, little is known about if and how T3 affects the formation of such stem cells during 

postembryonic development in mammals, in part due to the difficulty to study this process.

Frog metamorphosis mimics postembryonic development in mammals, including the 

formation of the adult intestine, which resembles the maturation of the mouse intestine 

around birth [14, 16, 21–23, 31, 137, 138]. As indicated above, both intestinal 

metamorphosis and postembryonic intestinal maturation in mammals are dependent on T3. 

Importantly, studies on the transcriptional repressor Blimp-1 (B-lymphocyte induced 

maturation protein 1) [14, 16, 23, 139] and histone methyltransferase PRMT1 (protein 

arginine methyltransferase 1) [140] suggest that adult intestinal stem cells are formed after 

birth in mouse during the postembryonic period when T3 levels are high, resembling the 

formation of adult intestinal stem cells during Xenopus metamorphosis. Thus, adult 

intestinal stem cells are likely formed in both mammals and frogs via conserved molecular 

mechanisms during this T3-dependent developmental period [14–16]. The ability to 

manipulate Xenopus intestinal metamorphosis coupled with advances in global gene 

expression analyses has allowed the discovery of many genes regulated during the 

development of the adult intestinal stem cells, including many members of the Sox gene 

family.
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The Sox genes are particularly attractive as candidate regulators of adult stem cell 

development in vertebrates. Many Sox genes have been implicated to play critical roles in 

stem cells during embryogenesis and in adult organs [10, 89]. They encode DNA-binding 

transcription factors. This makes it easy to identify their direct downstream targets through 

global analyses such as RNA-seq and ChIP (chromatin immunoprecipitation assay)-seq, 

which would facilitate the determination of the molecular mechanisms underlying their roles 

in stem cells. Furthermore, many of the Sox genes are capable of interacting with the Wnt 

signaling pathway, which has long been shown to be important for adult intestinal stem cells 

[4, 5, 106].

Studies in the Xenopus model system reveal that Sox3 is a direct target of T3, the causative 

agent of adult intestinal stem cell formation during Xenopus metamorphosis [30] and that 

Sox3 is highly upregulated exclusively in the adult stem cells during intestinal 

metamorphosis [105]. These suggest that Sox3 play an important role during the early stages 

of intestinal metamorphosis, likely the formation and/proliferation of the adult stem cells. 

Such a role is consistent with earlier findings that all three member of the SoxB1 family, 

Sox1, Sox2, and Sox3, are highly conserved in vertebrates and important for inducing neural 

progenitor cell formation during early embryonic development in vertebrates and for stem-

cell maintenance in the central nervous system (CNS) [10, 89, 91]. Additionally, Sox2 is one 

of the four transcription factors what were first shown to be required and sufficient for 

reprogramming mammalian fibroblasts into pluripotent stem cells is Sox2 [104, 141]. 

Clearly, functional studies by using approaches such as gain-of-function via transgenesis 

[142] or loss-of-function via knockdown/knockout [143, 144] should help to determine the 

exact roles of Sox3 and the other Sox genes regulated by T3 (Table 1) in adult stem cells 

development during Xenopus metamorphosis.

The involvement of Sox genes in the development of adult intestinal stem cells in mammals 

remains to be investigated. It would be interesting to determine if Sox genes, especially 

those implicated in intestinal development in amphibians (table 1) and mammals, such as 

Sox9 and Sox17, are expressed and/or regulated by T3 during the postembryonic period 

(around birth) in mammals when adult intestinal stem cells are formed. More importantly, it 

would be critical to investigate if these Sox genes play any roles in the development of the 

adult stem cells during this period and whether their functions are conserved in vertebrates.
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Fig. 1A. 
Mouse intestinal maturation (upper panel) resembles Xenopus metamorphic intestinal 

remodeling (lower panel). In both species, the adult stem cells are formed from the 

preexisting epithelial cells when the plasma thyroid hormone (T3) levels become high. After 

birth, cells in the intervillus region of the mouse intestine develop into adult stem cells 

expressing protein arginine methyltransferase 1 (PRMT1) and hedgehog (hh) (green cells 

with irregular-shaped dark nuclei) and invaginate into the underlying connective tissue to 

form the crypts. During Xenopus metamorphosis, some larval epithelial cells undergo 

dedifferentiation to become the adult stem cells that express high levels of PRMT1 and sonic 

hedgehog (Shh) (green cells with irregular-shaped dark nuclei). Subsequently, the 

descendants of these adult stem cells in both mouse and Xenopus replace the suckling-type 

or larval-type epithelial cells via active proliferation and differentiation to generate the adult 

epithelium possessing a self-renewal system (green cells). Modified after [14].
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Fig. 1B. Intestinal remodeling during Xenopus laevis metamorphosis
In premetamorphic tadpoles at stage 51, the intestine has a simple structure with only a 

single fold, the typhlosole. 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 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.
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Fig. 2. MGPY stains strongly the proliferating adult intestinal stem cells
Premetamorphic stage 54 tadpoles treated with 10 nM T3 for 0, or 6 days were sacrificed 

one hour after injecting EdU. Cross-sections of the intestine from the resulting tadpoles were 

double-stained for EdU (5-ethynyl-2′-deoxyuridine) and with MGPY (methyl green pyronin 

Y, a mixture of methyl green, which stains DNA, and pyronin Y, which stains RNA [42, 145, 

146]) (A) or for Edu and Lgr5 (in situ hybridization) (B). The approximate epithelium-

mesenchyme boundary was drawn based on morphological differences between epithelial 

cells and mesenchyme cells in the pictures of the double-stained tissues (dotted lines). Note 
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that the clusters (islets) of EdU labeled cells in the epithelium after 6 days of T3 treatment 

were strongly stained by MGPY and had high levels of Lgr5 mRNA, a well-established 

marker for adult intestinal stem cells in vertebrates. See [40] for more detail.
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Fig. 3. A putative TRE in Xenopus Sox3 gene can mediate transcriptional activation by T3-
bound TR/RXR in frog oocyte
(A) Putative TREs and promoter constructs. Sox3 gene sequence was obtained from 

Xenopus laevis genome sequences at http://xenopus.lab.nig.ac.jp/blast.php and searched for 

TREs by using NHR Scan at http://nhrscan.genereg.net/cgi-bin/nhr_scan.cgi?rm=advanced. 

Three putative TREs were found and are listed above the schematic diagram of the Sox3 

gene with their positions relative to the first nucleotide of the start codon (designated as 

“+1”). Three promoter constructs, the full length Sox3 promoter including the putative 

TRE2 and TRE3 (Psox3), a truncated version of Sox3 promoter (Psox3Δ), and the truncated 

version of Sox3 promoter with the TRE2 (Psox3Δ+TRE) inserted immediately upstream of 

it, were generated to drive the firefly luciferase expression in pGL4 vector (Promega). TRE: 

thyroid hormone response element; F-luc: firefly luciferase gene.

(B) TRE2 binds to TR/RXR in vitro. Double strand DNA oligos containing the putative 

TREs shown in (A) were used in competitive electrophoretic mobility shift assay (EMSA) 

against the infrared (IR) dye IR700 (LI-COR, Lincoln, NE)-labeled, well-characterized TRE 

of Xenopus laevis TRβ gene in the presence of in vitro translated TR/RXR proteins. 

Unlabeled TRE of the Xenopus laevis TRβ gene (TRE) and a mutant version of TRE of 

Xenopus laevis TRβ gene (mTRE) known to lack binding to TR/RXR were used as the 
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positive and negative control, respectively [147, 148]. All unlabeled oligos were used in 100 

times excess over the labeled IR700-TRE. Note that only TRE and TRE2 competed 

effectively, suggesting that TRE2, but not TRE1 or TRE3, binds to TR/RXR specifically.

(C) Sox3 promoter can be activated by liganded TR/RXR in frog oocyte. Transcription 

assay was done in Xenopus laevis oocytes where the cytoplasm of stage VI oocytes were 

injected with 460 pg per oocyte of TR and RXR mRNA mixture or GFP mRNA. 2 hours 

later, the firefly luciferase reporter constructs shown in (A) (34.5 pg per oocyte) and the 

phRG-TK (Promega) expressing Renilla luciferase as an internal control (34.5 pg per 

oocyte) were coinjected into the nuclei of the oocytes. After incubation at 18°C overnight in 

the presence or absence of 100 nM T3, 5 oocytes were collected per sample and lysed in 75 

μl of 1×Passive Lysis Buffer (Promega) for dual luciferase assay by following the 

manufacturer’s protocol. The relative expression of firefly luciferase to Renilla luciferase 

(F/R) was determined with the F/R value for oocytes injected with GFP mRNA instead of 

TR/RXR in the absence of T3 set as 1. Note that the full-length promoter was activated by 

TR/RXR in the presence of T3. This activation was drastically reduced when the TRE 

sequences were deleted and was restored when TRE2 was inserted into the truncated 

promoter, suggesting that TRE2 is capable of mediating T3 induction. Each data point shows 

the average of 5 samples with the standard error. Statistical analysis was done through 

ANOVA with Tukey’s Multiple Component Test. *: p<0.05. (L. Fu and Y.-B. Shi, 

unpublished observations).
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Fig. 4. Tissue-specific developmental regulation of Sox3 in the intestine during Xenopus laevis 
metamorphosis
(A) Sox3 is highly expressed only during metamorphosis. Total intestinal RNA at different 

stages was analyzed by qRT-PCR. Note that little Sox3 expression was found either before 

(stage 54–56) or at the end of metamorphosis (stage 66).

(B) Sox3 is expressed only in the intestinal epithelium. Total RNA was isolated from 

intestinal epithelium (Ep) and the rest of the intestine (non-Ep) at different stages of 

development, 56 (premetamorphosis), 61 (climax), and 66 (end of metamorphosis), and 
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analyzed by qRT-PCR. Note that Sox3 was highly expressed only in the Ep at the climax of 

metamorphosis when stem cells were forming or proliferating. See [105] for details.
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Table 1

T3-regulated Sox genes during intestinal metamorphosis in Xenopus laevis

Gene Subfamily Regulation (relative to stage 54) Intestinal tissues References

Sox3 SoxB1 Up at stage 61 Epithelium [84, 85]

Sox4 SoxC Up at stage 61 Both [84, 85, 88]

Sox11 SoxC Up at stage 61 Not known [85, 88]

Sox12 SoxC Up at stage 61 Both [84]

Sox13 SoxD Up at stage 66 Epithelium [84, 88]

Sox8 SoxE Down at stage 61 Non-epithelium [84]

Sox9 SoxE Up at stage 61 Not known [85]

Sox10 SoxE Down at stage 61/66 Epithelium [84]

Up at stage 61/66 Non-epithelium

Sox7 SoxF Down at stage 61/66 Non-epithelium [84, 85, 88]

Sox17 SoxF Up at stage 61 Not known [85, 88]

Sox18 SoxF Down at stage 61 Non-epithelium [84, 88]
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