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Abstract

Background: Thyroid hormone (T3) is important for adult organ function and vertebrate development. Amphibian
metamorphosis is totally dependent on T3 and offers a unique opportunity to study how T3 controls
postembryonic development in vertebrates. Earlier studies have demonstrated that TR mediates the metamorphic
effects of T3 in Xenopus laevis. Liganded TR recruits histone modifying coactivator complexes to target genes
during metamorphosis. This leads to nucleosomal removal and histone modifications, including methylation of
histone H3 lysine (K) 79, in the promoter regions, and the activation of T3-inducible genes.

Results: We show that Dot1L, the only histone methyltransferase capable of methylating H3K79, is directly
regulated by TR via binding to a T3 response element in the promoter region during metamorphosis in Xenopus
tropicalis, a highly related species of Xenopus laevis. We further show that Dot1L expression in both the intestine
and tail correlates with the transformation of the organs.

Conclusions: Our findings suggest that TR activates Dot1L, which in turn participates in metamorphosis through a
positive feedback to enhance H3K79 methylation and gene activation by liganded TR.

Keywords: Dot1L, Intestinal stem cell development, Thyroid hormone receptor, Metamorphosis, Xenopus laevis and
tropicalis, Histone methylation
Background
Thyroid hormone (T3) is important for proper develop-
ment and normal physiology of many adult organs/tis-
sues in vertebrates [1,2]. Sever T3 deficiency during
human development leads to the formation of human
cretins, who are short in stature and severely mentally
retarded [3]. The most critical period of T3 action
appears to be the several months around birth, the so-
called postembryonic period, when T3 levels are high [1].
It has been difficult to study how T3 affects mammalian
postembryonic development due to the lack of easily ma-
nipulatable models.
* Correspondence: Shi@helix.nih.gov
†Equal contributors
1Section on Molecular Morphogenesis, Program in Cellular Regulation and
Metabolism (PCRM), Eunice Kennedy Shriver National Institute of Child
Health and Human Development (NICHD), National Institutes of Health (NIH),
18 Library Dr, Bethesda, MD 20892, USA
Full list of author information is available at the end of the article

© 2012 Matsuura et al.; licensee BioMed Centr
Commons Attribution License (http://creativec
reproduction in any medium, provided the or
Metamorphosis in anurans such as Xenopus laevis or
tropicalis mimics mammalian postembryonic develop-
ment [1,4]. This process involves distinct changes in dif-
ferent organs and tissues [4,5]. The larval specific
organs, such as the tail and gills, are totally resorbed
during metamorphosis, while the adult specific ones,
such as the limbs, develop de novo. Most of the organs/
tissues are present in both tadpoles and frogs but are
drastically remodeled during metamorphosis. For ex-
ample, the animal intestine involves apoptotic degener-
ation of larval epithelial cells and concurrent de novo
formation of adult stem cells to eventually develop the
adult epithelium resembling that in mammals [6,7].
Interestingly, all such diverse changes during amphibian
metamorphosis are totally dependent on T3 [5]. T3 can
regulate transcription through T3 receptor (TR). TRs
can form heterodimers with 9-cis retinoic acid receptors
(RXRs) and repress or activate T3-inducible genes in
the absence or presence of T3, respectively [2,8-10]. Re-
cent studies have shown that TR appears to be both
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necessary and sufficient to mediate the metamorphic
effects of T3 by regulating the transcription of T3 target
gene [11-23]. In premetamorphic tadpoles, T3 levels are
low and unliganded TR represses T3-inducible genes by
recruiting histone deacetylase-containing corepressor
complexes [16,24-26]. This helps to ensure proper pre-
metamorphic growth and prevent premature metamor-
phosis [16,26]. When T3 becomes available, liganded TR
recruits histone modifying coactivator complexes to
these target genes, leading to histone modifications,
chromatin remodeling and gene activation [18,19,22,27-
31]. This results in metamorphic transformations of dif-
ferent organs.
TR is believed to regulate overlapping but distinct tar-

get genes in different organs to effect organ-specific
metamorphosis. Toward identifying such target genes,
we carried out a ChIP (chromatin immunoprecipita-
tion)-on-chip analysis of the intestine by using a set of
microarray chips covering a 8 kb region flanking each
putative promoter of 17000 Xenopus tropicalis genes to
look for genes bound by TR (unpublished observation).
While the ChIP-on-chip data was very preliminary, it
was of interest that one of the putative target genes thus
identified corresponded to the Xenopus tropicalis homo-
log of the mammalian Dot1L gene.
Dot1L (Dot1-Like) is the homolog of yeast Dot1 gene,

originally identified as a disruptor of telomeric silencing in
Saccharomyces cerevisiae [32]. It belongs to the family of
lysine methyltransferases (KMTs) [33-36]. Essentially all
KMTs contain a SET (Su(var)3-9, Enhancer of Zeste (E
(Z)), and Trithorax (trx)) domain. To date, Dot1L is the
only known non-SET domain-containing KMT and is the
only known KMT that possesses histone methyltransferase
activity toward histone H3 lysine (K) 79 [33,34,37] Con-
sistently, knockout of Dot1L in mice leads to a complete
loss of H3K79 methylation [38].
H3K79 methylation is one of a large number of post-

translational modifications that occurs at the histone
tails in eukaryotic cells [39]. In addition to K79, a num-
ber of other K and arginine (R) residues in both histone
H3 and H4 can be methylated. These and other histone
modifications are distributed in distinct patterns in the
genome and variably associated with gene expression
levels [22,40-49]. Among the well-characterized lysine
methylation residues include K4, K9, K27, and K79 of
histone H3. In general, H3K4 and H3K79 methylations
correlate with high levels of transcription, while H3K9
and H3K27 methylations correlate with transcriptional
repression. Of particular interest is the recent observa-
tion that H3K79 methylation levels are increased at TR
target genes upon activation in Xenopus tropicalis intes-
tine during natural and T3-induced metamorphosis [22].
This raises an interesting possibility that Dot1L may be
transcriptionally activated by liganded TR and it in turn
enhances chromatin remodeling and gene activation by
liganded TR during development. Here we provide
in vitro and in vivo evidence to show direct transcriptional
activation of the Dot1L gene via the binding of TR to a T3
response element (TRE) in the Dot1L promoter in both
the intestine and tail. We further show that Dot1L expres-
sion correlates with metamorphic changes in both organs,
supporting a positive feedback role of Dot1L during
metamorphosis.

Results
Xenopus tropicalis Dot1L is highly homologous to the
mammalian Dot1L
We obtained the full length coding region of Xenopus
tropicalis Dot1L from GenBank and analyzed the do-
main structure of the predicted amino acid sequence by
using NCBI’s Conserved Domain Database. Like yeast
Dot1 and mammalian Dot1L, Xenopus tropicalis Dot1L
has no SET domain (Figure 1A). The mouse and Xen-
opus tropicalis Dot1L proteins share 65% identity. The
predicted AdoMet-MTase (S-adenosylmethionine (Ado-
Met or SAM)-dependent methyltransferase) domain is
essentially identical between mouse and Xenopus tropi-
calis Dot1L and a conserved AdoMet binding site is also
present in this region (Figure 1A and B). In addition,
SMC (structural maintenance of chromosome) domain
is also highly conserved, although its role in Dot1L
remains unclear. It is possible that the SMC domain
may play a role for heterochromatin formation since
Dot1L is required for the formation of heterochromatin
[38]. In any case, such a high degree of conservation
indicates that Xenopus tropicalis Dot1L is a functional
H3K79 methyltransferase.

Xenopus tropicalis Dot1L is upregulated in both the
intestine and tail during natural and T3-induced
metamorphosis
As indicated above, our preliminary ChIP-on-chip assay
showed that Dot1L gene was bound by TR in the intes-
tine of Xenopus tropicalis tadpoles (unpublished obser-
vation). This suggested that Dot1L might be regulated
by T3 during metamorphosis. To investigate this possi-
bility, we treated stage 54 premetamorphic tadpoles with
10 nM T3 for 2 days. Dot1L expression was analyzed on
total RNA isolated from the intestine and tail by qRT-
PCR. Figure 2 showed that T3 strongly induced the ex-
pression of Dot1L in both the intestine and tail, even
though these two organs undergo vastly different
changes during metamorphosis. These results suggest
that Dot1L may play a role in diverse tissues during
metamorphosis.
To investigate whether Dot1L expression is also regu-

lated by T3 during natural metamorphosis, we analyzed
its expression by qRT-PCR in the intestine and tail at



0

0.2

0.4

0.6

0.8

1

0

0.2

0.4

0.6

0.8

1
TailIntestine

T3 - +  T3 - +  

R
el

at
iv

e 
D

ot
1L

 e
xp

re
ss

io
n

R
el

at
iv

e 
D

ot
1L

 e
xp

re
ss

io
n

A B

Figure 2 Xenopus tropicalis Dot1L is induced in the intestine
and tail upon treatment of premetamorphic tadpoles with T3.
Stage 54 tadpoles were treated with 10 nM T3 for 2 days and total
RNA was isolated from the intestine (A) and tail (B). qRT-PCR was
conducted to examine the expression of Dot1L mRNA. Dot1L
expression was normalized to the expression of the control gene
EF1α (elongation factor 1α). Error bars indicate s.e.m.
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Figure 1 Mouse and Xenopus tropicalis DOT1L proteins are highly conserved. (A) Schematic alignment of mouse and Xenopus tropicalis
DOT1L. The gray boxes represent conserved domains for S-adenosylmethionine (AdoMet or SAM)-dependent methyltransferases (AdoMet-
MTases). The black boxes indicate structural maintenance of chromosome (SMC) domains. GenBank accession numbers: Mouse (m; Mus musculus)
Dot1a (AAP42293) [50], Xenopus tropicalis (Xt) Dot1L (XP_002937984). Note that the N-terminal region is highly conserved between mouse and
Xenopus tropicalis Dot1L due to the presence of the AdoMet-MTase and SMC domains. (B) The amino acid sequences of the nearly perfectly
conserved AdoMet-MTase domain of mouse and Xenopus DOT1L. The AdoMet-binding site, which is essential for the methyltransferase activity, is
boxed.
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different stages from premetamorphic (stage 54), meta-
morphic climax (stages 58-64), to the end of metamor-
phosis (stage 66). The results in Figure 3 showed that
Dot1L expression was upregulated in the intestine and
tail during metamorphosis correlating with the rising
concentration of plasma T3 during metamorphosis.
Thus, Dot1L is upregulated by T3 and likely participates
in the metamorphic transformations of different organs.

TR/RXR heterodimer can bind to two putative TREs in the
Dot1L gene promoter region in vitro
As our preliminary data showed that TR was associated
with the Dot1L gene promoter in the tadpole intestine,
we carried out a bioinformatics analysis on the promoter
region and found two putative TREs near the predicted
transcription start site (Figure 4A). Since TR/RXR het-
erodimers bind to TREs of T3 induced genes, we investi-
gated if TR/RXR heterodimers could bind to the TREs.
We carried out in vitro gel mobility shift assays by using
IR700-labeled TRE of Xenopus laevis TRβA gene (Note
that there are two duplicated TRβ genes in Xenopus
laevis, TRβA and TRβB that are similarly regulated
[51]), a well characterized TRE consisting of two near
perfect direct repeats of AGGTCA separated by 4 bp
[52,53], and in vitro translated TR and RXR in the pres-
ence or absence of unlabeled competitor TREs from the
Xenopus tropicalis Dot1L gene. To determine the bind-
ing specificity, we also generated mutated TRE1 and
TRE2 (Figure 4B) for the competition assay. Both un-
labeled TRE1 and TRE2 were able to compete against
the labeled TRβA TRE for binding to TR/RXR and mu-
tating TRE1 and TRE2 reduced this competition
(Figure 4C).
To compare the relative affinity of the TREs, we car-

ried out competition assays with equal amount of un-
labeled TRE1, TRE2, or TRβA TRE. The results in
Figure 4D indicated that the TRβA TRE had the stron-
gest competition, followed by TRE2, with TRE1 being
the weakest competitor. Thus, both TREs could bind to
TR/RXR with TRE2 having a higher affinity in vitro.
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Figure 3 Upregulation of Xenopus tropicalis Dot1L expression in the intestine and tail during natural metamorphosis. Total RNA was
isolated from the intestine (A) and tail (B) at the indicated developmental stages from premetamorphosis to the end of metamorphosis (stage
66). The expression of Dot1L mRNA was determined by qRT-PCR as in Figure 2. Error bars indicate s.e.m. Note that there were no tail samples at
stage 66 (B) as the tail is completely resorbed by stage 66.
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TR/RXR regulates the Dot1L promoter in vivo via TRE2
To determine whether TRE1 and TRE2 can mediate the
transcriptional regulation of the Dot1L gene by T3
in vivo, we used a reconstituted Xenopus laevis oocyte
transcription system, which allows the analysis of the
promoter in the context of chromatin in vivo [54]. First,
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After overnight incubation of the oocytes in the pres-
ence or absence of T3, they were harvested for the luci-
ferase assay with the ratio of firefly luciferase to Renilla
luciferase activities as a measure of the promoter activ-
ity. As shown in Figure 5A, the wild type Dot1L pro-
moter was not affected by T3 treatment of oocytes
without pre-injection of TR/RXR mRNAs. When TR/
RXR were expressed, the promoter was repressed in the
absence of added T3. When T3 was present, the pro-
moter was strongly activated (Figure 5A), demonstrating
that the Dot1L promoter could be regulated by TR/RXR
in vivo.
To determine the roles of the individual TREs in me-

diating the effect of TR/RXR, each was mutated indi-
vidually or together and the resulting promoters were
analyzed in the oocyte. Mutating TRE1 had little effect
on the regulation of the promoter by TR/RXR in the
presence or absence of T3 (Figure 5B). On the other
hand, mutating TRE2 alone (Figure 5C) or together with
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Figure 5 The activation of Xenopus tropicalis Dot1L promoter by ligan
shows a schematic diagram of the promoter construct with or without mu
the promoter activity in the frog oocytes. For the transcription assay, wild t
Renilla luciferase construct phRG-tk into the nuclei of the oocytes with or w
and RXRβ. The oocytes were incubated at 18°C overnight in the presence o
relative activities of the firefly luciferase to Renilla luciferase were plotted. E
on the regulation of the promoter by TR/RXR both in the presence or abse
abolished the regulation by TR/RXR, suggesting that TRE2 is the functional
TRE1 (Figure 5D) abolished both the repression by unli-
ganded TR/RXR and the activation by TR/RXR in the
presence of T3. Thus, TRE2 is mainly responsible for
mediating the transcriptional effects of TR/RXR in the
presence or absence of T3 in vivo, consistent with the
higher affinity of TRE2 for TR/RXR in vitro.

TR is bound to the Dot1L TRE2 in both intestine and tail
of premetamorphic tadpoles
Our preliminary ChIP-on-chip assay suggested that the
Dot1L promoter region was bound by TR in the intes-
tine of premetamorphic Xenopus tropicalis tadpoles. To
confirm the binding of TR to the TRE regions of Dot1L
gene in vivo, we carried out ChIP assays with a poly-
clonal anti-TR antibody on the intestine of stage 54 pre-
metamorphic tadpoles treated with or without T3. As a
control for antibody specificity, we carried out parallel
ChIP assay with a polyclonal antibody against ID14, an
extracellular matrix protein [55]. Figure 6A showed that
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Figure 6 TR binds to the TRE2 in Dot1L promoter in the intestine and tail during T3-induced metamorphosis. Stage 54 tadpoles were
treated with or without T3 for 2 days. The intestine (A) or tail (B) was isolated for ChIP assay with a polyclonal antibody against TR (top) or Id14
(bottom), a negative control for antibody specificity. The immunoprecipitated DNA was analyzed by qPCR for the presence of the TRE regions of
Dot1L promoter. A region of exon 2 (ex2) of Dot1L gene was analyzed as a negative control for binding specificity. Note that strong binding of
TR to TRE2 in Dot1L gene was observed in the absence of T3 in premetamorphic tadpoles and that this binding was increased slightly upon T3
treatment in both organs. TR signal at the TRE1 was very low in both organs with or without T3 treatment, consistent with the results from
transcription and in vitro TR binding assays. Only background signals were observed with the anti-ID14 antibody. Error bars indicate s.e.m.
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even in the absence of T3 treatment, ChIP signal for TR
was very strong at the TRE2 region and the signal was
elevated further upon T3 treatment. On the other hand,
there was very little ChIP signal for TR at the TRE1 re-
gion of Dot1L gene. It is worth noting that the low levels
of the ChIP signal associated with TRE1 were still sig-
nificantly above the background signal observed with the
ID14 antibody. In addition, a negative control for bind-
ing specificity by analyzing the Dot1L exon 2 region
far away from the promoter also yielded very low
background signals (Figure 6A). These results suggest
that the signal at the TRE1 was specific for TR. On the
other hand, as the DNA generated by sonication during
the ChIP assay could be as long as 1 kb (typically aver-
aging around 500 bp), we could not rule out the possibility
that the signal observed at TRE1 was due to TR binding
at TRE2. This could occur if the TRE1 region was present
in some large fragments of DNA immunoprecipitated due
to TR binding to the TRE2. In any case, our results thus
confirmed our preliminary ChIP-on-chip findings and
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further suggest that TR bind preferentially, if not exclu-
sively, to the TRE2 of the Dot1L promoter to regulate its
transcription in the intestine during metamorphosis.
As Dot1L was also upregulated in the tail during meta-

morphosis, we analyzed TR binding to the TREs in the
tail of the same tadpoles as studied above for the intes-
tine. Essentially identical results were obtained
(Figure 6B). That is, TR also bound predominantly to
the TRE2 in the tail of premetamorphic tadpoles treated
with or without T3 for 2 days. Thus, TRE2 likely med-
iates the induction of Dot1L by T3 in different organs
during metamorphosis.

Discussion/conclusion
TR can activate and repress T3-inducible genes in the
presence and absence of T3, respectively. TR functions
by recruiting cofactor complexes, many of which can
modify histones at the target genes. Extensive genome-
wide analyses in cell cultures have identified a number
of histone marks that are associated with active or
repressed genes, respectively [41-49]. However, the roles
of such histone modifications and the corresponding
enzymes in gene regulation by TR, especially during ver-
tebrate development, largely remain to be investigated.
Amphibian metamorphosis offers a unique opportunity
to study the in vivo function and mechanisms of TR
during development because of its total dependence on
T3 and ability to be easily manipulated. Our earlier stud-
ies have shown that transcriptional activation of target
genes during X. tropicalis metamorphosis is accompan-
ied by nucleosome eviction and histone modifications,
include H3K79 trimethylation [22]. Here we have
demonstrated that the only known histone H3K79
methyltransferase Dot1L is transcriptionally regulated by
TR during metamorphosis.
We initially identified Dot1L as a likely TR target from

a preliminary ChIP-on-chip analysis, which showed TR
association with the putative promoter region of the
gene in premetamorphic tadpole intestine (unpublished
observation). Our bioinformatics analysis revealed two
putative TREs in this promoter region. Furthermore,
both TREs were capable of binding to TR/RXR heterodi-
mers in vitro with TRE2 having a higher affinity. More
importantly, we demonstrated that in the frog oocyte
transcription system in vivo, TRE2 but not TRE1 was es-
sential for TR/RXR to regulate the Dot1L promoter in a
T3 dependent manner. Further evidence supporting a
critical role of TRE2 in Dot1L expression came from
in vivo ChIP assay. In both animal tail and intestine, TR
binding was much stronger to TRE2 than to TRE1. As
indicated above, given the limitation of the ChIP assay,
it is possible that the weak TR ChIP signal at TRE1 was
a result of TR binding at the TRE2 and TRE2 is the only
TRE bound by TR during metamorphosis in the
intestine and tail. In any case, our findings together indi-
cate that Dot1L gene is a direct T3 target gene that is
regulated via binding of the TR predominantly to TRE2.
Our expression analyses indicated that Dot1L is upre-

gulated during metamorphosis in both intestine and tail,
temporally correlating with their metamorphic transfor-
mations. The tail and intestine undergo vastly different
changes during metamorphosis, total resorption vs. re-
modeling involving both larval cell death and adult cell
development. The upregulation of Dot1L in both organs
suggest that Dot1L participates in the metamorphosis in
different organs/tissues.
How Dot1L is involved in metamorphosis remains to be

investigated. Interestingly, we have recently shown that
H3K79 methylation levels are dramatically upregulated at
two well characterized TR target genes, the TRβ and TH/
bZip genes, in the intestine of Xenopus tropicalis tadpoles
during natural or T3-induced metamorphosis [22]. Given
the fact that Dot1L is the only known H3K79 methyltrans-
ferase in the vertebrate genome [33,38], it is very likely
that the increase in H3K79 trimethylation at the TR target
genes is mediated by Dotl1L. Therefore, it is tempting to
speculate that Dot1L is directly induced by liganded TR
early during metamorphosis in different organs such that
the increased levels of Dot1L in turn feed back positively
to increase H3K79 methylation induced by TR. This fur-
ther enhances gene regulation by TR during metamor-
phosis. Whether and how Dot1L participates in histone
modification and gene regulation by TR in vivo will be an
important subject for future studies. In addition, it would
be interesting to determine the role of Dot1L in the trans-
formation of different organs during metamorphosis.
Materials and methods
Experimental animals
Xenopus tropicalis tadpoles and Xenopus laevis frogs
were purchased from Nasco (Fort Atkinson, MI). Tad-
poles were staged according to Nieuwkoop and Faber
[56]. When indicated, stage 54 tadpoles were treated
with 10 nM T3 for 2 days at 22 °C. All animal proce-
dures were done as approved by NICHD Animal Use
and Care Committee.
Quantitative RT-PCR
Total RNA was isolated from tadpole intestine and tail at
indicated stages. cDNA was synthesized from 2.5 μg of
total RNA by using the High Capacity cDNA Archive kit
(Applied Biosystems) in 50 μl according to the manufac-
turer’s instructions. qRT-PCR was carried out by using
SYBR Green PCR Master Mix (Applied Biosystems). EF1α
(elongation factor 1α) was used as the normalization con-
trol as described previously [57]. The primers forward 5’-
TACACACTGGAGCGTGGAGA-3’ and reverse 5’- GGT
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CAACCTCAGGACCAAAG -3’ were used for quantifying
Dot1L mRNA levels.

Generation of promoter constructs
The Dot1L promoter region was PCR-amplified from
Xenopus tropicalis genomic DNA with a primer pair 5’-
CCCCGGTACCGTTTCCTAGGCGGCGGAGGATGCC
C-3’ (bearing KpnI site at its 5’-end) and 5’-CCCCCTCG
AGCATACTAATCCAACTCCGCCGGCGGTG-3’ (bear-
ing XhoI site at its 5’-end). The PCR product was cloned
into KpnI and XhoI sites of pGL4.10 firefly luciferase vec-
tor (Promega). The mutant promoters harboring mutant
TREs were generated from the wild type construct
using QuickChange Lightning Site-Direct Mutagenesis Kit
(Agilent/Stratagene) according to manufacturer’s instruc-
tions. The primers used for mutagenesis were: KF385 5’-
AGCATTGTTAGTAATCCGCTGCTTTTTATTTATTTC
ACTGGCACCATCACCTTGCG-3' (the mutated nucleo-
tides are underlined) to generate mTRE1, KF386 5’-CCCT
CAGACTTCAGGCTAAGGAACCATATGAAAACACCC
CGGGATTATTTATT-3’ to generate mTRE2. Both KF385
and KF386 were used to generate the construct mTRE1
mTRE2 where both TREs were mutated. The mutated con-
structs were confirmed by DNA sequencing.

Bioinformatics identification of TREs
The computational analysis program NHR-Scan (http://
asp.ii.uib.no:8090/cgi-bin/NHR-scan/nhr_scan.cgi) [58]
was used to search for putative TREs.
Transcription assay in the Xenopus laevis oocyte system
Oocyte transcription assay was performed as described
[23,54]. Briefly, the plasmids containing Xenopus tropi-
calis TRα and RXRβ were linearized and transcribed
in vitro using a T7 kit (Life technologies/Ambion,
Grand Island, NY). The cytoplasm of stage VI oocytes
from Xenopus laevis was injected with 46 pg/oocyte of
the TR and RXR mRNAs. Two hour later, the firefly
luciferase reporter under the control of the wild type
or mutant promoter of Xenopus tropicalis Dot1L gene
(33 pg/oocyte) and the internal control Renilla re-
porter phRG-TK (33 pg/oocyte) were co-injected into
the nucleus. After incubation at 18°C overnight in the
presence or absence of 100 nM T3, the injected
oocytes were prepared for luciferase assay using the
Dual-Luciferase-Reporter Assay system according to
the manufacture’s protocol (Promega). Six oocytes per
sample were lysed in 90 μl of 1× lysis buffer (Pro-
mega), and 10 μl of lysate was used for luciferase
assays. Three independent samples were done for each
injection at the same time. The relative expression of
firefly luciferase to Renilla luciferase was determined.
Each data point represents the average of three groups.
The data shown here were a representative of a few
independent experiments with similar results.

Chromatin immunoprecipitation (ChIP) assay
ChIP assay on tadpole intestine and tail was done as
described previously [22] with anti-TR (new PB) anti-
body [23]. As a negative control, a polyclonal antibody
against Id14, an extracellular protein [55], was also used.
All treatment and control groups had three replicas, and
each replica consisted of six to eight tadpoles. All ChIP
experiments were done twice with similar results.
The immunoprecipitated DNA was analyzed by quan-

titative PCR using the following primers: 5’-ACGCGT
ATCGGACCCACGCAAGGTG-3’ and 5’-AGACTTCG
ACAGCCTACGTGAGCAGCA-3’ for Dot1L TRE1 re-
gion, 5’-TGTGGCCTACGAAGCGACCGCCTTC-3’ and
5’-TCAGGCTAAGGGGCCATATGAGGACACCC-3’ for
Dot1L TRE2 region, 5’-GATAAACACCATGATGCTG
CAC-3’ and 5’-TACACCACTCCGTGAGTAGCAC-3’
for Dot1L exon 2.

Gel mobility shift assay
Gel mobility shift assay was performed as described [57].
Briefly, Xenopus laevis TR and RXR proteins were made
using TNT SP6 Quick Coupled transcription/translation
System (Promega, Madison, WI). They were mixed with
infrared dye IR700 (LI-COR, Lincoln, NE)-labeled TRE
of the Xenopus laevis TRβA gene [52] in the in vitro
binding reaction in the presence or absence of unlabeled
competitors made of wild type or mutant TREs from
Xenopus tropicalis Dot1L gene. The sequences of sense
strand of oligonucleotides for the Dot1L TREs were as
follows: 5’-AATCCGCTGCCCTTTATTTACCTCACTG
GC-3’ for Dot1L TRE1 and 5’-AATCCGCTGCTTT
TTATTTACCTCACTGGC-3’ for mutant Dot1L TRE1,
and 5’-GGCTAAGGGGCCATATGAGGACACCCGCG
G-3’ for Dot1L TRE2 and 5’-GGCTAAGGGGCCATAT
GAAAACACCCGCGG-3’ for mutant Dot1L TRE2
(Bold letters indicates the TRE half sites, and the
mutated nucleotides are underlined). Each binding reac-
tion included one hundred fmol (1μl) of IR700-labeled
probe, 1 μl of each TR and RXR in vitro translation mix-
ture, and 1μl of the wild-type or mutant TRE oligonu-
cleotides at 400 fmol/μl, 2 pmol/μl, or 10 pmol/μl to
obtain 4×, 20×, 100× unlabeled competitor oligonucleo-
tides, in a total volume of 20 μl. The mixtures were
incubated at room temperature for 20 min, electrophor-
esed on a 6% DNA retardation gel (Invitrogen), and
then scanned using Odyssey Infrared scanner (LI-COR,
Lincoln, NE).

Abbreviations
Dot1L: Disruptor of telomeric silencing 1-like; T3: Thyroid hormone; TR: T3
receptor; RXR: 9-cis retinoic acid receptor; TRE: T3 response element;
EF1α: Elongation factor 1α; qRT-PCR: Quantitative reverse-transcription
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