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ARTICLE INFO ABSTRACT

Keywords: In the intestine during metamorphosis of the frog Xenopus laevis, most of the larval epithelial cells are induced to
Stem cell undergo apoptosis by thyroid hormone (TH), and under continued TH action, the remaining epithelial cells
Thyro'id hormone receptor dedifferentiate into stem cells (SCs), which then newly generate an adult epithelium analogous to the mam-
Intestine malian intestinal epithelium. Previously, we have shown that the precursors of the SCs that exist in the larval
Histone modification . . . . . i . . .

Metamorphosis epithelium as differentiated absorptive cells specifically express receptor tyrosine kinase-like orphan receptor 2

(Ror2). By using Ror2 as a marker, we have immunohistochemically shown here that these SC precursors, but
not the larval epithelial cells destined to die by apoptosis, express TH receptor a (TRa). Upon initiation of TH-
dependent remodeling, TRa expression remains restricted to the SCs as well as proliferating adult epithelial
primordia derived from them. As intestinal folds form, TRa expression becomes localized in the trough of the
folds where the SCs reside. In contrast, TR expression is transiently up-regulated in the entire intestine con-
comitantly with the increase of endogenous TH levels and is most highly expressed in the developing adult
epithelial primordia. Moreover, we have shown here that global histone H4 acetylation is enhanced in the SC
precursors and adult primordia including the SCs, while tri-methylation of histone H3 lysine 27 is lacking in
those cells during metamorphosis. Our results strongly suggest distinct roles of TRa and TR in the intestinal
larval-to-adult remodeling, involving distinctive epigenetic modifications in the SC lineage.

Xenopus laevis

1. Introduction marker (Sun et al., 2010). The SCs actively proliferate during stages

60-62 (Nieuwkoop and Faber, 1967; early period of metamorphic

In the adult mammalian intestine, the epithelium is rapidly renewed
from stem cells (SCs) which are localized in the crypt throughout the
adulthood (Clevers, 2013; Koo and Clevers, 2014). Accumulating evi-
dence indicates that niche signals including Wnts and Notch play im-
portant roles in homeostasis of the adult intestinal epithelium by reg-
ulating the SCs (Beumer and Clevers, 2016; Farin et al.,, 2016).
However, it still remains poorly understood how the SCs and their niche
are formed in the intestine during postembryonic development.

In the Xenopus laevis intestine during metamorphosis, most of the
larval epithelial cells (larval cells proper) undergo apoptosis, and the
remaining cells (SC precursors) dedifferentiate into the SCs (Ishizuya-
Oka et al., 2009, 2010) that express leucine-rich repeat-containing G
protein-coupled receptor 5 (LGRS5), a typical mammalian intestinal SC

climax) and then, as morphogenesis of intestinal folds proceeds, dif-
ferentiate into the simple columnar epithelium that is continuously
renewed along the trough-crest axis of the folds (Hourdry and Dauca,
1977; Shi and Ishizuya-Oka, 1996), similar to the mammalian coun-
terpart that is renewed along the crypt-villus axis throughout adulthood
(Cheng and Bjerknes, 1985; Madara and Trier, 1994). Considering that
this larval-to-adult intestinal remodeling can be experimentally induced
by thyroid hormone (TH) both in vivo and in vitro (Ishizuya-Oka and
Hasebe, 2013; Shi and Ishizuya-Oka, 1996), the X. laevis intestine
provides us a valuable opportunity to study molecular mechanisms
underlying intestinal SC development.

Using this animal model, we previously found that the SC precursors
specifically express receptor tyrosine kinase-like orphan receptor 2

Abbreviations: AcH4, acetylation of histone H4; H3K27me3, tri-methylation of histone H3 lysine 27; KO, knock-out; Ror2, receptor tyrosine kinase-like orphan
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(Ror2), although they are differentiated as absorptive epithelial cells
possessing the brush border and are not morphologically distinguished
from the rest of the larval absorptive epithelial cells (Ishizuya-Oka
et al., 2014). At stage 60 when Wnt5a, a major ligand of Ror2, is up-
regulated by endogenous TH, the SC precursors change in shape from
simple columnar to roundish via Wnt5a/Ror2 signaling, which is es-
sential for their dedifferentiation into the SCs (Ishizuya-Oka et al.,
2014). Thus, the X. laevis tadpole intestine, where the SC precursors can
be easily identified by using Ror2 as a marker, serves as a unique and
excellent model for investigating how the SCs and their niche are
formed during postembryonic development.

It is well established that the actions of TH are mediated by nuclear
thyroid hormone receptor (TR). In Xenopus tadpoles, TR activation has
been shown to be necessary for normal intestinal remodeling (Buchholz
et al., 2004; Choi et al., 2017; Hasebe et al., 2011), which also likely
requires corticosterone and/or insulin signaling (Ishizuya-Oka and
Shimozawa, 1991; Sachs and Buchholz, 2019). In addition, a growing
body of evidence indicates that TR epigenetically regulates the ex-
pression of numerous TH response genes at least partly by changing
histone modifications in a TH-dependent manner (Bilesimo et al., 2011;
Kasai et al., 2015; Matsuura et al., 2012; Shi, 2013; Wen et al., 2017).
Nevertheless, in the X. laevis intestine, little is known about TR ex-
pression or histone modifications in SC precursors and descendent cells
during metamorphosis.

There are two subtypes of TR, TRa and TRp, in amphibians as in
mammals. Previous studies have shown different expression profiles of
TRa and TRB mRNAs in different organs during X. laevis metamor-
phosis. Basically, TRa mRNA is pervasively expressed throughout the
larval period and metamorphosis and is predominantly expressed in
adult-specific organs such as the hind limb (Wen and Shi, 2016; Wong
and Shi, 1995). In contrast, TRB mRNA is transiently up-regulated
during metamorphic climax, concomitantly with the rise of endogenous
TH levels, and is predominantly expressed in larva-specific organs such
as the tail and gills (Furlow et al., 2004; Wang et al., 2008). In the
larval-to-adult remodeling intestine, although both TRa and TRf
mRNAs are expressed at the organ level during metamorphosis (Wong
and Shi, 1995), it still remains unknown whether expression profiles of
TRoa and TR are different in the SC lineage as compared to the larval
cells proper. To address this issue, in the present study, we examined
the expression of TRa and TR among these epithelial cell types using
transgenic (Tg) tadpoles expressing GFP under the control of the Ror2
promoter. We found that TRa is expressed in SC precursors but not
larval cells proper, whereas TR expression is transiently up-regulated
in both the SCs and larval cells proper. In addition, by using acetylation
of histone H4 (AcH4) and tri-methylation of histone H3 lysine 27
(H3K27me3) as active and repressive histone marks, respectively (Li
et al., 2007; Swigut and Wysocka, 2007), we immunohistochemically
examined changes in histone modifications in each cell type during
metamorphosis and found that global AcH4 levels increase with higher
levels of the TR expression in the proliferating SCs. Our findings imply
distinct roles of TRa and TRP in intestinal remodeling, involving di-
vergent epigenetic regulation in the SC lineage.

2. Materials and methods
2.1. Animals and generation of transgenic tadpoles

Tadpoles of the South African clawed frog (Xenopus laevis) at stages
from 54 (Nieuwkoop and Faber, 1967; premetamorphosis) to 66 (end of
metamorphosis) were reared in the laboratory and were used
throughout the experiments. To generate transgenic (Tg) tadpoles ex-
pressing EGFP under the promoter of Ror2, we isolated Ror2.L genomic
regions which were thought to regulate the expression of this gene.
Based on the ChIP-seq data for H3K27ac (http://www.xenbase.org/
common/jsp/showGBrowse.jsp?x19_1/?name =chr11:137201336-
137294075), we chose 2 regions in Ror2.L genome (from the upstream
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of the Ror2.L gene to 1st intron and around 2nd exon) as the promoter.
By using the X. laevis genomic DNA extracted from the intestine at stage
62, PCR was performed with primers (5-TTGACTGTTTTGTGCATAAC
TAAATG-3’ and 5-GATTTTGATCGACTATCTCCCCAAAC-3’) followed
by nested PCR with primers containing the restriction enzyme (RE)
recognition sites (5-AATATAGCGGCCGCGCTAGCGTTACAAACTAGAA
ACACTTCGGG-3’ and 5-AATATAACTAGTAGCGTGTTTTCCCATAGGC
TACAATG-3’) to obtain a DNA fragment consisting of the upstream
region (680 bp), 1st exon (91 bp) and 1st intron (partial, ca. 4.4 kb) of
Ror2.L. This fragment was double-digested with NotI and Spel, inserted
into pBSII-KS + predigested with the same REs and sequenced. Since
there were 3 “ATG” triplets in the 1st exon (5-ATGTCCAGGACCAGG
AGCCAGAATGGGGGGATTGGATG-3’), they were mutated by 2-step
PCR to avoid undesired translation initiation (mutated sequence:
5’-TTGTCCAGGACCAGGAGCCAGAAAGGGGGGATTGGTTG-3") (pBSII-
KS +_Ror2L-Up-Intl-mut). To obtain the other DNA fragment consisting
of downstream region of 1st intron (491 bp) and 2nd exon (partial,
23 bp), PCR was performed with primers (5-CTGTGTAATATCTAAGG
AAAATAAGC-3’ and 5-ATGCCTCCACTTTTAGAAGAGCATGG-3") fol-
lowed by nested PCR with primers containing the RE recognition sites (
5-AATATATCTAGAGCATTTTTGAGTGATAATTCAGC-3’ and 5-AATAT
ACTCGAGTTCGAAGTCCCAGTGGGTCATTCAAG-3’). This fragment
was double-digested with Xbal and Xhol, inserted into pBSII-KS + pre-
digested with the same REs and sequenced. Since 2nd exon contained 1
“ATG” triplet (5"-GTGAAATGGAAATACCAGACTT-3"), this was mutated
to “TTG” by PCR (pBSII-KS + _Ror2L-Int1d-Ex2mut). The DNA fragment
(531 bp) digested out from pBSII-KS+ _Ror2L-Int1d-Ex2mut by Xhol
and Xbal was inserted into pBSII-KS +_Ror2L-Up-Intl-mut predigested
with Xhol and Spel to integrate the cloned DNA fragments (pBSII-KS
+ _Ror2LRegl). This integrated DNA fragment was used as the Ror2
promoter. Finally, the DNA construct containing Ror2 promoter driving
EGFP, y-crystallin promoter driving GFP3 (Fu et al., 2002) and Tol2
transposase recognition sequences at both ends of the whole construct
was generated (pDG-Ror2LReglEG-Tol2(ITR); the sequence informa-
tion has been deposited in GenBank, accession: MN025426) and used
for transgenesis.

Fertilized X. laevis eggs were prepared as previously described
(Hasebe et al., 2007) and injected with pDG-Ror2LRegl1EG-Tol2(ITR)
together with either Tol2 mRNA or Tol2 protein (Hamlet et al., 2006; Ni
et al., 2016; Shibano et al., 2007). The Tg tadpoles were identified by
GFP3 expression in the eye under a fluorescence dissecting microscope
and reared to the appropriate developmental stages.

At least three tadpoles were analyzed for each stage. All experi-
ments involving the X. laevis animals were approved by the Animal Use
and Care Committee of Nippon Medical School.

2.2. Quantitative real-time reverse transcription-polymerase chain reaction
(qRT-PCR)

Total RNA was extracted from the small intestine at the indicated
developmental stages by using TRI Reagent (Molecular Research
Center, Cincinnati, OH, USA) followed by DNase treatment with DNA-
free (Ambion, Austin, TX, USA) to remove any DNA contamination. The
integrity of RNA was checked based on 18S and 28S ribosomal RNAs by
electrophoresis. Total RNA was mixed with GoTaq 1-Step RT-qPCR
System (Promega, Madison, WI, USA), and then quantitative real-time
RT-PCR was performed by using PikoReal 96 Real-Time PCR System
(Thermo Fisher Scientific, Waltham, MA, USA) according to the man-
ufacturer’s instructions. The primer pairs used are: 5-TCCCCAACACC
ACCAAAAGGC-3’ and 5-TCTGTTCCCCTCCCGATATTGAAG-3’ for
TRo.L (GenBank: NM_001088126), 5’-CTGACTGAACTGAGGCAGGG-3’
and 5-CAATGTTGGACTTGGCACGG-3’ for TRP.L (GenBank:
NM_001096713. The entire mRNA sequence is available at http://
gbrowse.xenbase.org/fgb2/gene model details/x19_1?feature_id =
681956), 5-GCCGTGGTGCTCCTCTTGCC-3” and 5-TGCCACAGTACAC
AAACTGTCCG-3’ for ribosomal protein L8 (rpL8.S; GenBank:


http://www.xenbase.org/common/jsp/showGBrowse.jsp?xl9_1/?name=chr1L:137201336-137294075
http://www.xenbase.org/common/jsp/showGBrowse.jsp?xl9_1/?name=chr1L:137201336-137294075
http://www.xenbase.org/common/jsp/showGBrowse.jsp?xl9_1/?name=chr1L:137201336-137294075
http://gbrowse.xenbase.org/fgb2/gene_model_details/xl9_1?feature_id=681956
http://gbrowse.xenbase.org/fgb2/gene_model_details/xl9_1?feature_id=681956
http://gbrowse.xenbase.org/fgb2/gene_model_details/xl9_1?feature_id=681956
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Fig. 1. The rabbit or mouse antibodies against human TRa, TRf, and Ror2 cross-react with X. laevis TRa, TR, and Ror2 proteins, respectively. In vitro-translated
(IVT) proteins (1. Non-template control, 2. FLAG-TRa, 3. FLAG-TRP) and proteins extracted from X. laevis embryos (4. uninjected, 5. Ror2-FLAG mRNA-injected)
were analyzed by Western blotting to detect the indicated peptide/protein. Arrowheads indicate the specific signals with the expected molecular weight. Asterisks
indicate non-specific signals as they are also detected in the negative control. The mouse anti-human p-actin antibody was used for the loading control.

NM_001086996). The level of specific mRNA was normalized against
the level of rpL8.S mRNA (Hasebe et al., 2017a; Shi and Liang, 1994)
for each sample. The samples were analyzed in duplicate 3 times. The
specificity of the amplification was confirmed by the dissociation curve
analysis and gel electrophoresis. The results were analyzed by ANOVA
followed by Scheffe's post hoc test.

2.3. Cloning of X. laevis genes and Western blot analysis

TRa.L was cloned by PCR by using a ¢cDNA from the intestine at
stage 62 as a template with primers (5-GGGAGATTGTTTCCTCTCAGT
CTG-3’ and 5-CTATCATTTGCATATGGGGTACAG-3’) followed by
nested PCR with primers containing RE recognition sites (5-AATATC
TCGAGGGAGATTGTTTCCTCTCAGTCTGTATCC-3’ and 5-AAATCCCG
GGCTATCATTTGCATATGGGGTACAGAAGAG-3). The amplified DNA
fragment was double-digested with XhoI and Xmal, inserted into pBSII-
KS+ predigested with the same REs and sequenced (pBSII-KS
+ _TRa.L). The coding region (CDR) of TRa.L was amplified by PCR by
using pBSII-KS+ _TRa.L as a template with primers containing RE re-
cognition sites (5-AATATTACCGGTGCCGCCACCATGGACTACAAGGA
TGACGACGACAAGGACCAGAATCTCAGCGGGCTGGAC-3” and 5-TATT
ACTAGTCTAAACTTCCTGGTCCTCAAAGACCTCAAG-3’) to fuse a FLAG
epitope tag at the N-terminus. The amplified DNA fragment was double-
digested with Agel and Spel, inserted into pT7Ts vector (Hasebe et al.,
2007) predigested with the same REs and sequenced (pT7Ts_FLAG-
TRa.L). In a similar way, TRPB.L was isolated with following primers
(For 1st PCR: 5-TGCAAATTGGGATCTATCCTGG-3’ and 5-TGCTGAGA
ATCCAGAAGCACAG-3’, for nested PCR: 5-AATATCTCGAGTGCAAAT
TGGGATCTATCCTGGG-3’ and 5-AAATCCCGGGTGCTGAGAATCCAGA
AGCACAGTC-3, for CDR cloning and fusion of FLAG tag at the N-ter-
minus: 5-AATATTACCGGTGCCGCCACCATGGACTACAAGGATGACGA
CGACAAGCCAAGCAGTATGTCAGGGTATATAC-3’ and 5-TATTACTAG
TCTAGTCCTCAAACACTTCCAAGAACAGTG-3"). Then, pT7Ts_FLAG-

TRP.L was obtained. Using these constructs as the templates, FLAG-
tagged TRo.L and TRP.L proteins were produced by TNT T7 Quick
Coupled Transcription/Translation System (Promega, Madison, WI,
USA) according to the manufacturer's instructions. The in vitro-trans-
lated (IVT) samples were diluted 1:1 by 2x SDS sample buffer and
boiled for 5 min. After centrifugation at 15,000 x g for 5 min, the su-
pernatant (5 uL each) was used for Western blot analysis. It has been
shown that epitope-tagging at an appropriate region of the protein does
not affect recognition by the antibody against the wild-type (untagged)
one (Suh et al., 2013).

Cloning of Ror2 (accession: NM_001088843, L-homeolog) and
construction of pT7Ts Ror2-FLAG has been previously described
(Ishizuya-Oka et al., 2014). By using this plasmid as the template, the
capped mRNA encoding FLAG-tagged Ror2 was synthesized with
mMESSAGE mMACHINE kit (Thermo Fisher Scientific, Waltham, MA,
USA) according to the manufacturer's instructions. The synthesized
mRNA was injected into one blastomere of 2-cell stage embryos. One
day after injection, proteins were extracted from the embryos with IP
buffer (20 mM HEPES, pH 7.5, 5 mM KCl, 1.5 mM MgCl,, 1 mM EGTA,
10 mM B-glycerophosphate, 50 mM NaCl, 0.1% IGEPAL) supplemented
with protease inhibitor cocktail (Roche Applied Science, Manheim
Germany). After centrifugation at 15,000 x g for 15 min at 4°C, the
supernatant was diluted 1:1 by 2x SDS sample buffer and boiled for
5 min. After centrifugation at 15,000 x g for 5 min, the supernatant
(10 pL) was used for Western blot analysis.

The protein samples were electrophoresed on a 5-20% poly-
acrylamide gel (Anatech, Tokyo, Japan) followed by transferring onto
PVDF membrane (Bio-Rad, Hercules, CA, USA). The membrane was
immediately washed with Tris-buffered saline (TBS) containing 0.1%
Tween-20 (TBST), blocked with 5% skim milk (Fujifilm Wako Pure
Chemical, Osaka, Japan) in TBST for 30 min, and incubated overnight
at 4°C with the primary antibody (indicated below) diluted in TBST-
0.5% milk. After washing 3 times with TBST, the membrane was
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Fig. 2. Expression of TRa and TRB mRNAs in the small intestine during me-
tamorphosis. Total RNA was prepared from the intestine of X. laevis tadpoles at
indicated developmental stages and was analyzed by qRT-PCR. Levels of TRa
(A) and TR} mRNAs (B) are shown relative to those of ribosomal protein L8
(rpL8.S) mRNA, with the values at stage 54 set to 1. Error bars represent the
SEM (n = 3). The values were analyzed by ANOVA followed by Scheffe’s post
hoc test, and the results are shown only for the adjacent developmental stages.
Asterisks indicate that the mRNA levels are significantly different. **:
P < 0.01, n.s.: not significant.

incubated for 1 h at room temperature with the secondary antibody
against either mouse or rabbit IgG conjugated with peroxidase (diluted
1:5000, GE Healthcare, Buckinghamshire, England). After washing 3
times with TBST, peroxidase activity was detected by using
ImmunoStar (Fujifilm Wako Pure Chemical) with an imaging system Ez-
Capture MG (Atto, Tokyo, Japan).

Since anti-TR antibodies were generated from human immunogens
but not Xenopus ones, we confirmed their specificities for Xenopus TR
proteins produced above. The rabbit anti-TRa antibody (diluted 1:500;
GTX25621, GeneTex, Irvine, CA, USA) specifically recognized the X.
laevis TRa protein, whereas the mouse anti-TRB antibody (diluted
1:500; GTX22743, GeneTex) recognized the X. laevis TR} protein by
Western blot analysis (Fig. 1). We also confirmed that the rabbit anti-
Ror2 antibody (diluted 1:400; MBS2028051, MyBioSource, San Diego,
CA, USA) specifically recognizes the X. laevis Ror2 protein (Fig. 1) and
that the immunohistochemical staining of the X. laevis intestine with
this antibody (see below) showed the same expression pattern as that
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reported previously (Ishizuya-Oka et al., 2014). The mouse anti-FLAG
M2 antibody (diluted 1:1000, Sigma-Aldrich) was used for the control
experiments. As a loading control for protein input of each sample, the
mouse monoclonal anti-human f-actin antibody (Abcam, Tokyo,
Japan) was used (diluted 1:1000). We confirmed that almost equal
amount was loaded on each lane. In addition, to perform Western blot
analysis in more natural conditions, IVT protein samples were prepared
in a non-reducing and non-denaturing sample buffer. They were sepa-
rated by native PAGE followed by Western blotting to check whether
mouse anti-TRB antibody recognized the non-denatured form of X.
laevis TR protein (Fig. S1A). Furthermore, to confirm the antigen-
binding specificity of the anti-TR antibody, Western blotting of the
intestinal homogenates was performed using the antibody preabsorbed
with recombinant X. laevis TR protein. Briefly, to prepare the re-
combinant X. laevis TRP protein, a DNA fragment consisting of T7
promoter, ribosome-binding site and FLAG-tagged X. laevis TR coding
sequence was generated by PCR and used as the template for PUREfrex
2.0 in vitro translation system (GeneFrontier, Chiba, Japan). The FLAG-
TRP was purified by anti-FLAG M2 affinity gel (Sigma-Aldrich) at 4°C
for 2 h. The TRB-bound affinity gel was then mixed with PBST-0.5%
milk containing the anti-TRP antibody and incubated overnight at 4°C.
This mixture was centrifugated to remove the gel and used as the
preabsorbed solution for Western blot to detect the endogenous TR in
the total protein extracted from the X. laevis intestine at stage 61. To
prepare the non-absorbed control solution, in vitro translation by
PUREfrex was done without DNA template followed by the same pro-
cedures described above. We observed a reduced signal by preabsorp-
tion (Fig. S1B). These results convinced us that this antibody could be
used for the immunohistochemical analysis.

2.4. Immunohistochemistry

Tubular fragments were isolated from the anterior part of the wild-
type (WT) and Tg small intestines just posterior to the bile duct junc-
tion, fixed with 95% ethanol at 4°C for 4 h, embedded in paraffin, and
cut at 5 um. Some sections of the WT intestines were immersed in 1%
H,0, at room temperature for 15 min to inactivate endogenous per-
oxidase and incubated with the following antibodies at room tem-
perature for 1 h: the rabbit anti-TRa antibody (diluted 1:100), the
mouse anti-TRf antibody (diluted 1:20), and the rabbit anti-histone
H4K5K8K12K16ac (AcH4) (diluted 1:400; GeneTex) and anti-histone
H3K27me3 (diluted 1:200; GeneTex) antibodies, whose epitopes are
100% and more than 97% similar to the X. laevis counterparts, re-
spectively (manufacturers’ information). The sections were then in-
cubated with biotin-labeled anti-IgG and peroxidase-conjugated strep-
tavidin (Nichirei, Tokyo, Japan) followed by 0.02% 3, 3’-diamino-
benzidine-4HCI (DAB) and 0.006% H,O..

In addition, to distinguish conveniently between the adult epithelial
primordia and the larval epithelial cells proper during stages 60-62,
some sections adjacent to those used for immunohistochemical analysis
were stained with methyl green-pyronine (MG-P) (Muto, Tokyo, Japan)
for 5 min. We have previously shown that the adult epithelial primordia
are intensely stained red with pyronine because of their RNA-rich cy-
toplasm, whereas the staining intensity of the larval cells proper un-
dergoing apoptosis becomes much weaker (Ishizuya-Oka et al., 2000;
Ishizuya-Oka and Ueda, 1996). Furthermore, some sections of the Tg
intestines were double-immunostained at room temperature for 1 h
with the mixtures of the mouse anti-GFP (diluted 1:50; MBL, Nagoya,
Japan) and the rabbit antibody against Ror2 (diluted 1:10), TRa (di-
luted 1:50), histone AcH4 (diluted 1:200), or histone H3K27me3 (di-
luted 1:100). The sections were then incubated for 1 h with a mixture of
Alexa Fluor 488-conjugated anti-mouse IgG (1:500; Molecular Probes,
Eugene, OR, USA) and Alexa Fluor 568-conjugated anti-rabbit IgG an-
tibodies (1:500; Molecular Probes), counterstained with 4/, 6-diami-
dino-2-phenylindole, dihydrochloride (DAPI) (10 pg/ml; Dojindo, Ku-
mamoto, Japan), and analyzed by fluorescence microscopy. More than
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Fig. 3. Expression pattern of TRa in the small intestine during metamorphosis. Cross sections were immunostained with anti-TRa antibody (A, B, D, F, G) or stained
with methyl green-pyronine (MG-P) (C, E). (A) Stage 54. (B) Stage 57. The larval epithelium (LE) is simple columnar. Some nuclei of absorptive epithelial cells
possessing the brush border (bb) are positive for TRa (arrows in a and b). (C, D) Stage 60. Primordia of the adult epithelium (AE) stained strongly red with MG-P
appear between the larval epithelium and the connective tissue (CT) (C), and their nuclei are positive for TRa (arrow in D). (E, F) Stage 61. Nuclei positive for TRa
are detectable in the adult epithelial primordia (arrows in F) but not in the degenerating larval epithelium. Nuclei positive for TRa are detectable in the connective
tissue (arrowheads in F). (G) Stage 66. Epithelial nuclei positive for TRa are mostly localized in the trough of newly-formed intestinal folds (IF) (arrow). Nuclei
positive for TRa are also detectable in the connective tissue (arrowhead). M, muscle. Scale bars = 20 pum.

three tadpoles were examined for each developmental stage. All control
sections showed only background levels of signals except for non-spe-
cific irregular signals for GFP in the outer surface of the epithelium and
TRa in lysosomes of the degenerating larval cells proper during 60-62.

3. Results
3.1. Temporal expression of TRa and TR mRNAs during metamorphosis

We first examined the temporal expression of TRa and TR mRNAs
in the X. laevis small intestine during metamorphosis by qRT-PCR. The
expression of TRa mRNA was up-regulated and reached its peak at
stage 60 (early period of metamorphic climax) and then gradually de-
creased toward stage 66 (end of metamorphosis) (Fig. 2A). On the other
hand, the expression of TR mRNA was more drastically up-regulated
at stage 60 and then reached its peak at stage 61, a stage later than TRa.
Thereafter, the expression gradually decreased toward stage 66
(Fig. 2B).

3.2. Different expression patterns of TRa and TR proteins during intestinal
remodeling

We next immunohistochemically examined the expression of TRa
and TRP in the X. laevis small intestine at the cellular level during
metamorphosis. During stages 54-59, the larval epithelium remains
simple columnar and is surrounded by the immature connective tissue,
which is very thin except for a single fold, the typhlosole. A small
number of cells immunoreactive for TRa were randomly distributed in
the entire larval epithelium. They were morphologically identified as
absorptive epithelial cells possessing the brush border, and the

immunoreactivity for TRa was localized in their nuclei (Fig. 3A and B).
At stage 60, SCs appear as small islets strongly stained red with MG-P
between the larval epithelium and the developing connective tissue
(Fig. 3C) (Ishizuya-Oka et al., 2003). The immunoreactivity for TRa
was detectable in nuclei of such primordia of the adult epithelium
(Fig. 3D). Then, during stages 61-62, the adult epithelial primordia
rapidly grow in size by active proliferation (Fig. 3E) (Ishizuya-Oka and
Ueda, 1996). The nuclei immunoreactive for TRa remained localized in
the adult epithelial primordia, although their number was limited
(Fig. 3F). In contrast, no nuclei immunoreactive for TRa were detected
in the remaining larval epithelium (larval cells proper). Thereafter, as
morphogenesis of multiple intestinal folds proceeds, the adult epithelial
primordia replace the larval cells proper and differentiate into the
simple columnar epithelium. At stage 66, the epithelial nuclei im-
munoreactive for TRo became mostly localized in the trough of the
intestinal folds (Fig. 3G), where the SCs reside (Ishizuya-Oka et al.,
2003; Sun et al., 2010). In the connective tissue, nuclei immunoreactive
for TRa were randomly detected, but their number was small
throughout metamorphosis (Fig. 3F and G).

On the other hand, the immunoreactivity for TRB was very weak
until stage 55 (Fig. 4A), and then slightly increased in intensity in nu-
clei of the larval epithelium (Fig. 4B). At stage 60 when the adult epi-
thelial primordia appear, the immunoreactivity for TR} suddenly in-
creased in intensity in the entire epithelium and the connective tissue,
in agreement with the rapid increase of TR} mRNA by qRT-PCR. The
immunoreactivity was detected in a variety of cells at various in-
tensities but most strongly in the adult epithelial primordia where the
cytoplasm was often positive for TR (Fig. 4C), suggesting active TR}
synthesis during this period. Then, during stages 61-62, the nuclei
immunoreactive for TRB gradually increased in number in the adult
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Fig. 4. Expression pattern of TR in the small intestine during metamorphosis. Cross sections were immunostained with anti-TR} antibody. (A) Stage 54. The
immunoreactivity for TR is very weak, if any, in the larval epithelium (LE). (B) Stage 57. Some nuclei of the larval epithelium are very weakly positive for TRf. (C)
Stage 60. The cytoplasm of the adult epithelial primordia (AE; dashed line) is highly positive for TR (arrow). (D) Stage 61. Most of the nuclei in the adult epithelial
primordia (dashed lines) are positive for TRP (arrows). In addition, some nuclei of the connective tissue (CT) are positive for TR} (arrowheads). (E) Stage 66. Nuclei
positive for TR are occasionally detectable in the entire adult epithelium and the connective tissue. M, muscle. Scale bars = 20 pm.

epithelial primordia and the developing connective tissue, but de-
creased in the larval cells proper (Fig. 4D). Thereafter, as the intestinal
folds form, the immunoreactivity for TR} gradually decreased in in-
tensity and at stage 66, a small number of nuclei immunoreactive for
TRP were randomly detected in the entire epithelium and the con-
nective tissue (Fig. 4E).

To examine whether the SC precursors, which specifically express
Ror2 (Ishizuya-Oka et al., 2014), coincide with the cells expressing TRa
mentioned above or not, we used Tg tadpoles expressing GFP under the
control of the Ror2 promoter. We first confirmed by double-immuno-
fluorescence labeling that the cells expressing GFP coexpressed Ror2 in
the Tg intestines (Fig. 5A and B). At stage 57, nuclei of the cells ex-
pressing GFP, that is, SC precursors, were highly immunoreactive for
TRa (Fig. 5C). Then, at stage 61 when the adult epithelial primordia
express Ror2, some nuclei of the cells expressing GFP, that is, adult
epithelial primordia, were immunoreactive for TRa (Fig. 5D). Thus,
TRa is specifically expressed in the SC precursors, and after their
dedifferentiation, in the SCs and/or SC progeny.

3.3. Changes in global AcH4 and H3K27me3 levels during intestinal
remodeling

We next immunohistochemically examined histone modifications in
the X. laevis intestine during metamorphosis, by detecting active (AcH4)
and the repressive (H3K27me3) histone marks. During stages 54-59,
both nuclei immunoreactive for AcH4 (Fig. 6A and C) and those for
H3K27me3 (Fig. 6B and D) were randomly detected with various de-
gree of intensity in the entire intestine, although the number for
H3K27me3 was much smaller than that for AcH4. Then, during stages
60-62, global AcH4 levels increased in the developing adult epithelial
primordia and the connective tissue, but were less in the larval cells
proper (Fig. 6E). During this period, almost all of the nuclei in the adult

epithelial primordia were strongly immunoreactive for AcH4. In con-
trast, nuclei immunoreactive for H3K27me3 were never detected in the
adult epithelial primordia (Fig. 6F), suggesting that genes in the active
chromatin state are predominant in these cells. Characteristically, in the
connective tissue, nuclei immunoreactive for H3K27me3 increased in
number only in the region surrounding the adult epithelial primordia
(Fig. 6F). Thereafter, as the intestinal folds form, the immunoreactivity
for AcH4 had less intensity in the entire intestine except for the trough
of the intestinal folds (Fig. 6G). On the other hand, a small number of
nuclei immunoreactive for H3K27me3 were mostly localized in the tip
and trough of the folds (Fig. 6H).

To investigate changes in histone modifications in the SC lineages
more precisely, we again used the Tg intestine where the SC precursors/
SCs could be easily identified by their GFP expression and performed
double-immunofluorescence labeling. At stage 57, nuclei of the cells
expressing GFP, that is, SC precursors expressing TRa, were im-
munoreactive for AcH4 (Fig. 7A) but not for H3K27me3 (Fig. 7C). Then,
at stage 61, nuclei of the cells expressing GFP, that is, adult epithelial
primordia highly expressing TRB and TRa, were highly im-
munoreactive for AcH4 (Fig. 7B) but not for H3K27me3 (Fig. 7D).

4. Discussion

In the present study, we used Tg X. laevis intestines to distinguish SC
precursors from larval cells proper and examined the expression pat-
terns of TRa and TRP and changes in histone marks among different
intestinal epithelial cell populations during metamorphosis. Our im-
munohistochemical analyses have shown for the first time, to our
knowledge, that dedifferentiation of the SC precursors into SCs is as-
sociated specifically with TRa expression and distinctive epigenetic
marks, whereas subsequent SC development involves both TRa and
TR (Figure 8).
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Fig. 5. TRa expression correlates with intestinal SC precursors and proliferating SCs expressing Ror2. Cross sections of the Tg intestine expressing GFP under the
control of Ror2 promoter were double-immunostained with anti-GFP (A-D; green) and anti-Ror2 (A, B; red) or anti-TRa (C, D; red) antibodies followed by coun-
terstaining with DAPI (A-D; blue). (A, C) Stage 57. Cells positive for GFP (arrows in A, C) in the larval epithelium (LE) are consistent with SC precursors expressing
Ror2 (arrows in A), and their nuclei are positive for TRa (arrowheads in C). (B, D) Stage 61. Cells positive for GFP (arrows in B, D) are consistent with adult epithelial
primordial cells positive for Ror2 (arrows in B), and some of their nuclei are positive for TRa (arrowheads in D). CT, connective tissue. Scale bars = 20 um.

4.1. TRa expression is localized to the adult stem cell lineage in the X. laevis
intestine

We have shown here that TRa is highly expressed in SC precursors
but not in the larval cells proper. Since the expression of Ror2 has been
shown to be up-regulated by TH (Ishizuya-Oka et al., 2014), it seems
likely that Ror2 is specifically expressed in the SC precursors via TRa.
Then, after their dedifferentiation, TRa remains expressed in the adult
epithelial primordia originating from the SC precursors. Thereafter, as
the intestinal folds form, TRa expression becomes localized in the
trough of the folds where the SCs reside (Ishizuya-Oka et al., 2003; Sun
et al., 2010), similar to localization of TRa expression in the crypt of the
adult mammalian intestine (Sirakov et al., 2013). On the other hand,
TRP expression is transiently and dramatically up-regulated in the en-
tire intestine, concomitantly with the increase of endogenous TH levels
during stages 60-62 (Leloup and Buscaglia, 1977; Ranjan et al., 1994),
in agreement with the fact that TR is a TH direct response gene pos-
sessing TH response elements (Shi, 1999). In addition, our observation
that TR is expressed in a variety of cells and most highly expressed in
the developing adult epithelial primordia, whose cytoplasm as well as
nuclei becomes immunoreactive for TR} probably due to active trans-
lation, coincides well with the high transient expression of TR} mRNA
during this period shown by a previous in situ hybridization study (Shi
and Ishizuya-Oka, 1997). These expression patterns of TRa and TRf
proteins not only coincide with those of their mRNAs by qRT-PCR
(present study) and Northern blot (Wong and Shi, 1995), but also
strongly suggest that TRa regulates dedifferentiation of the SC pre-
cursors into the SCs and subsequent SC development and/or main-
tenance. Lack of TRa delays this process, as seen in TRa knock-out (KO)

tadpoles (Choi et al., 2017). On the other hand, TR may participate in
the development of the SCs after their appearance and may be pre-
dominantly responsible for apoptosis of the larval cells proper.

In addition, we also found distinct expression profiles between TRa
and TR in the connective tissue, where the cells expressing TR sud-
denly increase in number during stages 60-62, while those expressing
TRa are limited in number but detectable throughout metamorphosis.
Notably, a recent study showed that the expression of stromelysin-3
(ST3), a metalloproteinase that is directly up-regulated by TH in the
connective tissue (Ishizuya-Oka et al., 2000; Patterton et al., 1995), was
dramatically reduced in the TRa KO X. tropicalis intestine (Choi et al.,
2017). Taken together, it seems likely that the connective tissue cells
expressing TRa (in the present study) can express ST3 via TH/TRa
signaling. Since ST3 has been shown to induce larval epithelial apop-
tosis by activating the extracellular pathway (Fu et al., 2005; Ishizuya-
Oka et al., 2010), ST3 secreted from such cells should cause the larval
epithelial apoptosis even in the absence of TR. This may explain why
the larval-to-adult epithelial remodeling occurred in the TR KO X.
tropicalis intestine (Nakajima et al., 2018; Sakane et al., 2018), even
though the larval apoptosis is normally induced by TRp.

4.2. Both TRa and TRp are involved in gene expression in the adult stem cell
lineage through histone modifications

In the present study, we have also shown that changes in global
histone modification levels in the adult epithelial lineage correlate with
its TR expression and endogenous TH levels during metamorphosis. At
stage 57 when low levels of TH are available (Leloup and Buscaglia,
1977), the active AcH4 but not repressive H3K27me3 marks are
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H3K27me3

Fig. 6. Changes in global active AcH4 and repressive H3K27me3 levels in the small intestine during metamorphosis. Cross sections were immunostained with anti-
AcH4 (A, C, E, G) and anti-H3K27me3 antibodies (B, D, F, H). (A, B) Stage 54. (C, D) Stage 57. Nuclei positive for AcH4 (arrows in A and C) and those for H3K27me3
(arrows in B and D) are randomly distributed in the larval epithelium (LE) with various degree of intensity, although nuclei positive for AcH4 are more numerous
than those for H3K27me3. (E, F) Stage 61. Almost all of the nuclei in primordia of the adult epithelium (AE) are highly positive for AcH4 (arrows in E) but negative
for H3K27me3 (F). In the connective tissue (CT), numerous nuclei are positive for AcH4 (E), whereas those positive for H3K27me3 are much fewer and mostly
localized in the region surrounding the adult epithelial primordia (arrowheads in F). (G, H) Stage 66. Epithelial nuclei highly positive for AcH4 tend to be localized in
the trough of the intestinal folds (IF) (arrowheads in G), whereas those for H3K27me3 are mostly localized in their tip (arrows in H) and trough (arrowheads in H). M,
muscle. Scale bars = 20 pm.

detectable in the SC precursors expressing TRa. This suggests that TRa
activates gene expression in the SC precursors prior to their dediffer-
entiation and explains well why the appearance of the SCs was delayed
in the TRa KO intestine compared to the WT intestine (Choi et al.,
2017). Then, during stages 60-62 when the TH levels reach a peak,
global AcH4 levels increase in the adult epithelial primordia highly
expressing TRP and TRa. Consistent with this, previous studies reported

that the mRNA expression of direct TH response genes such as TH/bZip,
Shh, and c-Myec is up-regulated in the adult epithelial primordia during
this period (Fujimoto et al., 2012; Hasebe et al., 2008; Ikuzawa et al.,
2006; Okada et al., 2017). Thereafter, as the TH levels decrease, AcH4
levels gradually decrease, and its marks become localized in the trough
of intestinal folds where the SCs expressing TRa are localized. These
correlations between changes in histone modifications and TH/TR
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Fig. 7. Active histone modifications in intestinal SC lineages expressing TRs. Cross sections of the Tg intestine were double-immunostained with anti-GFP (A-D:
green) and anti-AcH4 (A, B; red) or anti-H3K27me3 antibodies (C, D; red) followed by counterstaining with DAPI (A-D; blue). (A, C) Stage 57. Cells expressing GFP
(arrows in A, C) in the larval epithelium (LE), that is, SC precursors expressing TRa, are positive for AcH4 (arrowheads in A) but negative for H3K27me3 (arrowheads
in C). (b, d) Stage 61. Adult epithelial primordia expressing GFP (arrows in B, D) are highly positive for AcH4 (arrowheads in B) but negative for H3K27me3

(arrowheads in D). CT, connective tissue. Scale bars = 20 um.
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Fig. 8. Schematic illustration showing correlations of TRa and TR expression with histone modifications in the SC lineage during the X. laevis intestinal remodeling.
SC precursors (pre-SCs) that express Ror2 specifically express TRa. In the presence of low TH levels at stage 57, the SC precursors with liganded TRa show active
(AcH4) histone marks. After their dedifferentiation into SCs at stage 60, the global AcH4 levels increase in adult epithelial primordia, which consists of the SCs and SC
progeny and most highly express TR under the highest TH levels. In contrast, repressive H3K27me3 levels remain very low, if any, in the SC precursors and the adult
epithelial primordia. At stage 66, both TRa expression and AcH4 marks are localized in the trough of intestinal folds where the SCs reside. On the other hand,
H3K27me3 marks are localized in not only the trough but also the tip where epithelial cells undergo apoptosis. The levels are scored as + , low; +, moderate; +, high.

signaling in the SC lineages agree well with recent evidence that li-
ganded TRs increase active histone marks and decrease repressive ones
on TH response genes and their down-stream targets by releasing cor-
epressors and recruiting coactivators including histone acetyl-
transferases (Grimaldi et al., 2013; Kasai et al., 2015; Matsuura et al.,

2012; Paul et al., 2007; Sachs and Buchholz, 2017; Shi, 2013). In ad-
dition, we have previously shown by wusing chromatin im-
munoprecipitation (ChIP) that those changes mentioned above occur on
direct TH response genes such as TH/bZip and TR in the metamor-
phosing Xenopus intestine (Buchholz et al.,, 2005; Matsuura et al.,
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2012). In mammalian SCs, a growing body of evidence supports the
important roles of histone acetylation in attaining and maintaining
stemness (Hirsch et al., 2017). For example, acetylation of histone H4
as well as H3 lysine residues is elevated as somatic cells dedifferentiate
into pluripotent SCs (Benevento et al., 2015), whereas global histone
H4 acetylation decreases during differentiation of embryonic SCs
(Gonzales-Cope et al., 2016). In addition, histone acetyltransferases
have been shown to regulate proliferation and differentiation of so-
matic SCs such as dental pulp (Wang et al., 2014) and hematopoietic
SCs (Rebel et al., 2002). Thus, in the Xenopus intestine, it is highly
possible that TH response genes activated by H4ac in the SC precursors
and those in the adult epithelial primordia may be essential for ded-
ifferentiation into the SCs and subsequent SC development, respec-
tively. Identification of such SC-related genes awaits further investiga-
tion.

Moreover, in the present study, we found the characteristic profile
of the repressive H3K27me3 marks, which are localized in (1) con-
nective tissue cells surrounding the adult epithelial primordia during
stages 61-62 and (2) adult epithelial cells in the tip and the trough of
intestinal folds at stage 66. In the former case, we have previously
shown that such cells near the adult epithelial primordia express mul-
tiple signaling molecules including BMP4 essential for SC development
(Hasebe et al., 2011, 2017b; Ishizuya-Oka and Hasebe, 2013). Thus, it is
highly possible that H3K27me3 represses some genes in the cells to
make them differentiate into SC niche cells. On the other hand, in the
latter case, the adult epithelial cells at stage 66 have been shown to
originate from the SCs localized in the trough of the folds, differentiate,
and finally undergo apoptosis in their tip (Hourdry and Dauca, 1977;
Ishizuya-Oka and Hasebe, 2013; Shi and Ishizuya-Oka, 1996). Thus, it is
tempting to speculate that H3K27me3 in the tip of the folds represses
some differentiation genes in the cells for execution of their apoptosis,
whereas H3K27me3 in the trough represses some developmental genes
in the SCs for their specification as proposed in the mammalian intes-
tine (Kazakevych et al., 2017). Anyway, it should be interesting to in-
vestigate what genes are repressed by H3K27me3 in these cells during
formation of the SCs and their niche.

4.3. Conclusion

In conclusion, we have shown here that, using the X. laevis intestine
as a model, different epithelial cell populations differentially express
TRa and TRf, which likely epigenetically regulate gene expression in
the SC precursors and proliferating SCs in a TH-dependent manner.
Similarly, in the mammalian intestine, a growing body of evidence
shows important roles of TH/TR signaling in SC regulation during
postembryonic maturation, homeostasis, and tumorigenesis (Frau et al.,
2017; Sirakov et al., 2015; Sirakov and Plateroti, 2011), suggesting
conserved TH-dependent mechanisms between amphibian and mam-
malian intestines (Buchholz, 2015). To understand the evolutionarily
conserved mechanisms of SC development and regulation, a future
challenge will be to sort different epithelial cell populations at different
metamorphic stages by using the X. laevis Tg intestine and investigate
what genes are epigenetically regulated by TRa or TR in the SC pre-
cursors and subsequent SCs, by using ChIP-seq technology.
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