
Targeted chromatin binding and histone acetylation
in vivo by thyroid hormone receptor during
amphibian development
Laurent M. Sachs* and Yun-Bo Shi†

Unit on Molecular Morphogenesis, Laboratory of Molecular Embryology, National Institute of Child Health and Human Development, National Institutes of
Health, Building 18T, Room 106, Bethesda, MD 20892-5431

Edited by Robert G. Roeder, The Rockefeller University, New York, NY, and approved October 2, 2000 (received for review March 30, 2000)

Amphibian metamorphosis is marked by dramatic, thyroid hor-
mone (TH)-induced changes involving gene regulation by TH re-
ceptor (TR). It has been postulated that TR-mediated gene regula-
tion involves chromatin remodeling. In the absence of ligand, TR
can repress gene expression by recruiting a histone deacetylase
complex, whereas liganded TR recruits a histone acetylase complex
for gene activation. Earlier studies have led us to propose a dual
function model for TR during development. In premetamorphic
tadpoles, unliganded TR represses transcription involving histone
deacetylation. During metamorphosis, endogenous TH allows TR
to activate gene expression through histone acetylation. Here
using chromatin immunoprecipitation assay, we directly demon-
strate TR binding to TH response genes constitutively in vivo in
premetamorphic tadpoles. We further show that TH treatment
leads to histone deacetylase release from TH response gene pro-
moters. Interestingly, in whole animals, changes in histone acet-
ylation show little correlation with the expression of TH response
genes. On the other hand, in the intestine and tail, where TH
response genes are known to be up-regulated more dramatically
by TH than in most other organs, we demonstrate that TH treat-
ment induces gene activation and histone H4 acetylation. These
data argue for a role of histone acetylation in transcriptional
regulation by TRs during amphibian development in some tissues,
whereas in others changes in histone acetylation levels may play
no or only a minor role, supporting the existence of important
alternative mechanisms in gene regulation by TR.

Amphibian metamorphosis is a postembryonic developmen-
tal switch directly initiated by thyroid hormone (TH; refs.

1, 2). TH and in particular the biologically more active form,
3,5,39-triiodothyronine (T3), exerts its effects on target tissues
via binding to TH receptors (TRs), which are transcription
factors that belong to the nuclear receptor superfamily (3). TR
modulates gene expression by binding to specific DNA se-
quences in target genes most often by forming a heterodimer
with retinoid X receptors (RXRs or 9-cis-retinoic acid recep-
tors). TRs have the capacity to both activate transcription in
presence of ligand and repress transcription in its absence.
Recent evidence supports the hypothesis that TRs switch, in a
ligand-dependent manner, between the binding of a multicom-
ponent corepressor complex and the binding of a coactivator
complex (3). The observations that transcriptional activation
may be associated with the recruitment of histone acetyl trans-
ferase and repression with the recruitment of histone deacety-
lase has led to a model in which chromatin remodeling targeted
by TRs contributes in part to transcriptional control (4–7).

However, there is no evidence to date demonstrating whether
such a mechanism of TR regulation of gene silencing and activation
is involved in any physiological event. Amphibian metamorphosis
provides an ideal model to address this aspect (2, 8). In Xenopus
laevis, TRs are encoded by four genes (two TRa and two TRb; ref.
9). TRb genes are up-regulated at the transcriptional level during
metamorphosis in response to endogenous TH synthesis (10–12).
However, TRa genes are activated during late embryogenesis, well

before the maturation of the thyroid gland and synthesis of endog-
enous TH (13). This expression pattern of TRa suggests a role for
unliganded TR in gene silencing before TH-dependent gene acti-
vation during metamorphosis.

To investigate how TRs regulate gene expression during
amphibian development, we examined in vivo TR binding and
histone acetylation level on TH response gene promoters by
using a chromatin immunoprecipitation assay with nuclei from
whole embryos, tadpoles, or isolated tissues at various develop-
mental stages. Our results indicate that TRs binds to TH
response elements (TREs) in chromatin constitutively during
development and that the modulation of histone acetylation is
important for gene regulation by TRs.

Materials and Methods
Animals and Treatment. Adults and stage 55 premetamorphic
tadpoles of the South African clawed frog Xenopus laevis were
obtained from Nasco (Fort Atkinson, WI). Embryos were
prepared by in vitro fertilization as described (14). Approxi-
mately 100 embryos at stage 20 and 20 tadpoles at stage 47 were
treated for 1 day with 100 nM T3 (Sigma), andyor 100 nM
trichostatin A (TSA; Wako Biochemicals, Osaka), a specific
histone deacetylase inhibitor (16). For analysis of gene regula-
tion in the intestine, 12 stage 55 tadpoles were treated in 4 liters
of dechlorinated tap water with 10 or 50 nM T3 andyor 100 nM
TSA for 2 days without feeding. The animals were then killed by
decapitation, after anesthesia, for intestine and tail isolation.

RNAs Extraction and PCR Analysis of Gene Expression. RNAs were
extracted from embryos, tadpoles, or isolated intestine or tail
with RNAzol B (Tel-Test, Friendswood, TX) according to the
manufacturer’s instructions. RNAs were resuspended in diethyl
pyrocarbonate-treated water and quantified by UV absorption.
Analyzing the RNAs on an agarose gel with ethidium bromide
staining further checked the RNAs quality and quantity. Reverse
transcription reactions were performed by using 10 mg of total
RNA in 20 ml as follows: RNAs and specific primers for the gene
of interest and the internal control gene, the ribosomal protein
gene rpl8 (2 mM each) were mixed in 10 ml, incubated at 65°C
for 5 min, and allowed to cool down to room temperature. A
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mixture (10 ml) containing 53 first strand buffer (4 ml, GIBCOy
BRL), DTT (2 ml, 0.1 M, GIBCOyBRL), dNTP mix (1 ml, 25
mM each, Pharmacia), RNAsin (0.1 ml, 10 unitsyml, GIBCOy
BRL), and reverse transcriptase SuperScript II (0.5 ml, 200
unitsyml, GIBCOyBRL) was added to the annealed RNAs and
primer solution before incubation at 42°C for 1 h. Two micro-
liters of the resulting cDNA solution was used for PCR in 50 ml
of reaction containing 103 Ex Taq buffer (5 ml, Takara Shuzo,
Kyoto), dNTP mix (8 ml, 2.5 mM each, Takara Shuzo), four
primers (reverse and forward primers for the gene of interest and
rpl8, 2 ml of 2 mM solution for each, GIBCOyBRL), and Ex Taq
polymerase (0.5 ml, 5 unitsyml, Takara Shuzo). PCRs were done
for 28 or 30 cycles each consisting of 94°C for 30 sec, 55°C for
30 sec, and 72°C for 30 sec. The primers used are, for the internal
control rpl8 (17): forward 59-AAAGAGAAACTGCTGGC-39
and reverse 59-GACGACCAGTACGACGA-39; for TRa (9):
forward 59-ATGGCTTCCATGCCGGATGGG-39 and reverse
59-CTCTATCTTGTCCG-TGCAGAT-39; for TRb (9): forward
59-ATAGTTAATGCGCCCGAGGGTGGA-39 and reverse 59-
CTTTTCTATTCTCTCCACGCTAGC-39; and for THybZip
(18): forward 59-TACTGGG-AAAAGAGGCGCAAGAAC-39
and reverse 59-CTTAAACCTCAGCTTAT-GTGGAAG-39.
PCR was also done on RNAs without reverse transcription as a
control for genomic DNA contamination (data not shown). PCR
products (10 ml) were electrophoresed on 2% agarose gels and
stained with ethidium bromide.

Preparation of Nuclei and Chromatin Immunoprecipitation (ChIP).
Nuclei were isolated as described (19). The pellet was resus-
pended in 360 ml of nucleus isolation buffer (0.25 M sucrosey10
mM TriszHCl, pH 7.5y3 mM CaCl2y1 mM PMSFy1 mg/ml
aprotininy1 mg/ml pepstatin). Proteins were crosslinked to DNA
by adding formaldehyde (37%) directly to nuclear resuspension
to a final concentration of 1% and incubated for 30 min at room
temperature. The nuclei were pelleted and then resuspended in
200 ml of lysis buffer (1% SDSy50 mM TriszHCl, pH 8.1y10 mM
EDTAy1 mM PMSFy1 mg/ml aprotininy1 mg/ml pepstatin) for
10 min on ice. The lysate was sonicated 15 times with 15-sec
pulses by using a sonicator set to 70% of maximum power to
reduce DNA length to between 200 and 1,000 bp. At this step,
it is essential to keep the samples cold all of the time. Debris was
removed by centrifugation for 10 min at 14,000 3 g at 4°C. The
DNA was quantified and adjusted to equal concentration for the
resulting chromatin solution. ChIP assay was done using a kit
from Upstate Biotechnology. Chromatin solution (1 ml) was
used for each ChIP assay with 5 ml of anti-acetylated histone H4
antiserum (Upstate Biotechnology), 8 ml of anti-Xenopus TR
antiserum (recognizing both TRa and TRb), anti-Xenopus
RXRa antiserum (which recognizes RXRa but not RXRg and
has not been tested on RXRb) (20), or anti-Xenopus Rpd3
antiserum (21). Chromatin solution (500 ml) was used for the
control of input DNA in the chromatin solution. After the ChIP
protocol, the recovered DNA was resuspended in 20 ml of H2O
for the ChIP samples and 40 ml for the input control. Semiquan-
titative PCR was performed in 50 ml with 5 ml of 10 times Ex Taq
buffer (Takara Shuzo), 8 ml of dNTP mix (2.5 mM each, Takara
Shuzo), 2 ml of each primer (2 mM each, GIBCOyBRL), 0.5 ml
Ex Taq polymerase (5 unitsyml, Takara Shuzo), 2 ml of the DNA
sample, and 1 ml (1 mCi) of [a-32P]dCTP. The primers used for
TRb promoter: forward 59-GTAAGCTGCCTGTGTC-
TATAC-39 and reverse 59-GACAGTCAGAGGAACTG-39
(10); for THybasic leucine zipper (bZIP) promoter: forward
59-TCTCCCTGTTGTGTATAATGG-39 and reverse 59-
CTCCCAACCCTACAGAGTTCA-39 (22); for a segment of
TRb transcribed sequence: forward 59-CAGAAACCTGAAC-
CCACACAA-39 and reverse 59-CACTTTTCCACCCTCGGG-
CGCATT-39 (located respectively in exons 3 and 4; ref. 23); and
for the intestinal fatty acid binding protein (IFABP) promoter:

forward 59-ATAGCAGCAGGTGGTTGCG-39 and reverse 59-
GGCCACAAGATCTACTCG-39 (24). PCRs were done for
30–40 cycles as described above. PCR products were resolved
on a 6% acrylamide-TBE gel (Novex) and visualized by
autoradiography.

Results
Up-Regulation of TRa Genes at the End of Embryogenesis Correlates
with TRyRXR Binding to TREs in Chromatin in Premetamorphic Tad-
poles. It has been proposed that Xenopus laevis embryos or
tadpoles before feeding stage (stage 41) do not respond to
exogenous TH because of the lack of sufficient TRs (25). In line
with this hypothesis, Northern blot analysis of endogenous TRs
failed to reveal TR mRNAs in tadpoles before stage 40 (13, 20).
By using a more sensitive PCR assay, we compared the expres-
sion of TRa and TRb genes in stage 20 embryos and stage 47
tadpoles. TRa gene expression was found to be low at stage 20
but high at stage 47 (Fig. 1A). On the other hand, little TRb gene
expression was detected at either stage 20 or 47 (Fig. 1 A), in
agreement with earlier reports.

To address directly whether this change in TR expression
correlates with the binding of TR and RXR to chromatin, we
analyzed TR and RXR binding to the promoters of two TH
target genes by ChIP assay. Antibodies specific to TR (recog-
nizing both TRa and TRb) or RXR (recognizing RXRa but not
RXRg; it is worthwhile to point out that RXRa mRNA is
expressed at much higher levels than RXRg mRNA 20) were

Fig. 1. Up-regulation of TRa genes during late embryogenesis correlates
with TR and RXR binding to TR target genes. (A) TRa mRNA expression
increases between embryonic and tadpole stages. Total RNA was isolated
from stage 20 embryos and stage 47 tadpoles and used for PCR analysis of TRa

and TRb mRNA levels. PCR products (10 ml) were electrophoresed on 2%
agarose gels, and the gels were stained with ethidium bromide. The expres-
sion of ribosomal protein gene Rpl8 was used as an internal control. (B) TR and
RXR binding to T3 response gene promoters increases between embryonic and
tadpole stages. Chromatin from stage 20 embryo and stage 47 tadpole nuclei
was immunoprecipitated with antibodies against TR or RXR and analyzed by
PCR for the presence of the fragments containing the TREs of the two T3

response genes. Aliquots of the chromatin before immunoprecipitation were
used directly for PCR as control (input). The figure represents one of three
independent experiments with different batch of animals, all yielding same
results.

Sachs and Shi PNAS u November 21, 2000 u vol. 97 u no. 24 u 13139

D
EV

EL
O

PM
EN

TA
L

BI
O

LO
G

Y



used to immunoprecipitate formaldehyde-crosslinked, sonicated
chromatin fragments from nuclei isolated from embryos and
tadpoles at different developmental stages. The TR or RXR-
bound DNA fragments that were immunoprecipitated by the
respective antibody were then analyzed by semiquantitative PCR
by using primers flanking TH response elements in TH target
genes.

For this purpose, we chose TRbA and THybZip genes, the
only two Xenopus direct TH-response genes whose promoters
have been characterized (10, 11, 22). The region selected for
ChIP analysis contained the TRE (two direct repeats separated
by 4 bp, 10, 11, 22) of the corresponding promoter but not any
other nuclear receptor binding sites. As shown in Fig. 1B, ChIP
analysis with antibodies to TR and RXR revealed little or no TR
or RXR binding to the TRE fragment in either promoter in
embryos at stage 20. The up-regulation of TRa in stage 47
tadpoles coincided with an increase in both TR and RXR
binding to both promoters (Fig. 1B). As there is no detectable
TH at this premetamorphic stage (15), these results indicate that
unliganded receptor could bind to TREs in chromatin in vivo.
We assume that this binding was most likely by TRyRXR
heterodimers, as they are the preferred binding complexes for
the TREs, although our assay could not distinguish the binding
by TRyRXR heterodimers or that by TRyTR homodimers.

Differential Effects of T3 and TSA on the Regulation and Histone
Acetylation Levels of TH Response Gene Promoters During Early
Development. We next investigated whether the chromatin-bound
TRyRXR regulate TH response genes in a T3- and histone
acetylation-dependent manner. We treated embryos and tad-
poles with T3 or histone deacetylase inhibitor TSA and then
determined their effects on TRb and THybZip gene regulation.
At stage 20, neither T3 nor TSA was able to induce the expression
of either T3 response gene (Fig. 2A). At stage 47, T3 treatment
led to the activation of both TRb and THybZip genes whereas
TSA had no effect on either one (Fig. 2 A). ChIP assay with TR
antibody showed that the T3 or TSA treatment had no affect on
TR binding to the TREs of TRb and THybZip. Thus, TR is
bound to the TREs constitutively in premetamorphic (stage 47)
tadpoles but not in embryos at stage 20 (Fig. 2B), consistent with
the very low level of TRs in embryos (Fig. 2 A). ChIP assay with
RXR antibody showed that like TR, RXR also was constitutively
bound to TREs in stage 47 tadpoles (Fig. 1 and data not shown).
Thus, TRyRXR binding to the TREs enables the TH response
genes to respond to T3 treatment, whereas blocking histone
deacetylase activity has little effect on the overall expression of
the genes in the animals.

To investigate whether T3 or TSA altered the status of histone
acetylation on the chromatin of the promoter regions, we
analyzed histone acetylation levels by ChIP assay. Antibodies
specific to acetylated histone H4 were used to immunoprecipi-
tate formaldehyde-crosslinked sonicated chromatin from nuclei
isolated from stage 20 embryos and stage 47 tadpoles. The
results showed that T3 alone had no effect on histone acetylation
levels of either promoter in both the embryos and tadpoles (Fig.
2C). On the other hand, TSA caused remarkable increases in the
acetylation levels on the promoters in both embryos and tadpoles
(Fig. 2C). Interestingly, the acetylation levels at both TRb and
THybZip promoters were higher in premetamorphic tadpoles
(stage 47), when TRa expression was high, than in embryos
(stage 20), when TR expression was very weak (Fig. 2C). Thus,
the binding by unliganded TRyRXR keeps the genes repressed
despite the increase acetylation levels as the animal develops. On
the other hand, increasing histone acetylation alone, by TSA
treatment, is insufficient to alter the expression levels of TH-
response genes in whole animals.

T3 Causes the Release of the Histone Deacetylase Rpd3 from TH-
Response Genes. Histone acetylation levels are determined by the
action of histone acetylases and deacetylases. Unliganded, but
not T3-bound, TR is known to interact with corepressor com-
plexes containing histone deacetylases. Even though histone
acetylation levels were found to be unchanged by T3 when
analyzed in whole animals (Fig. 2C), it is possible that T3

treatment of premetamorphic tadpoles can influence the re-
cruitment of histone acetylasesydeacetylases to specific promot-
ers. Thus, we next examined in tadpoles at stage 47 whether
unliganded TR recruited histone deacetylases and whether T3

induced the release of histone deacetylases. ChIP assay with a
polyclonal antibody to histone deacetylase Rpd3, the only char-
acterized Xenopus histone deacetylase (21), revealed that Rpd3

Fig. 2. Stage-dependent effects of T3 and TSA on transcription, DNA binding
by TRs, and histone H4 acetylation at T3 response genes. (A) Premetamorphic
tadpoles but not embryos are competent to respond to T3 treatment. Stage 20
embryos and stage 47 tadpoles were treated with 100 nM T3 or 100 nM TSA for
24 h. Total RNA was extracted from whole animals and used for PCR analysis
of TRa, TRb, and THybZIP expression. The expression of ribosomal protein
gene Rpl8 was used as an internal control. Note that only TRb and THybZIP
genes are direct TH response genes, and they were induced only in tadpoles
but not in embryos, which had little TR. (B) TR binding to TREs of T3 response
genes was not affected by T3 or TSA treatment. Chromatin from animals
treated as in A was immunoprecipitated with antibody against TR and ana-
lyzed by PCR for the presence of immunoprecipitated TRE-containing frag-
ments. Aliquots of the chromatin before immunoprecipitation were used
directly for PCR as control (input). (C) Histone H4 acetylation levels of the
chromatin containing the TREs of the TH response genes are up-regulated
between embryos and tadpoles by TSA but not T3 treatment. Chromatin
isolated as above was immunoprecipitated with antibody against acetylated
histone H4 and analyzed by PCR as above. As the same chromatin samples
were used for TR and H4 ChIP assays, the input control was the same as shown
in B. Note it is unclear why the intensity in the 1 T3 lane at stage 47 was slightly
lower than the control, although the input intensity was also lower in the 1
T3 lane (see B). However, as we observed little correlation of histone acetyla-
tion with gene expression in whole animals, the result did not affect our
conclusions. The figure represents one of two independent experiments with
identical results.
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was present, at least in some tissues, in the chromatin fragments
containing the TREs of TRb and THybZip genes (Fig. 3). More
importantly, T3 treatment led to the release of Rpd3 from both
TRE regions (Fig. 3). Thus, unliganded TR is capable of
recruiting histone deacetylase in a T3-dependent manner in vivo,
consistent with in vitro biochemical findings (26, 27).

Constitutive Binding and Histone Deacetylase-Dependent Gene Re-
pression by Unliganded TR in Premetamorphic Intestine or Tail. The
lack of any detectable changes in histone acetylation levels
analyzed on two T3-dependent promoters after T3 treatment in
whole animals, does not rule out the possible presence of tissue
specific changes. We chose the intestine and the tail to investi-
gate this possibility. These two tissues are among the few
well-characterized organs that undergo extensive remodeling
and are known to have the most dramatic up-regulation of TH
response genes during metamorphosis. Premetamorphic tadpole
intestine consists predominantly of a single tissue, the larval
epithelium, which undergoes apoptosis and is replaced by the
adult epithelium (2, 28). The tail, on the other hand, completely
disappears through an apoptotic pathway (2). Thus, these two
organs offer relatively homogeneous tissues for study tissue
specific changes in gene expression and chromatin remodeling.

First, we compared TRb and THybZip gene expression in
intestine, tail, and whole animal in premetamorphic tadpoles at
stage 55 (Fig. 4A). Both genes were expressed very weakly in the
intestine and the tail compare to whole tadpole. After T3
treatment for 2 days, TRb and THybZip mRNA expression were
up-regulated (Fig. 4A). Although TSA did not alter the expres-
sion of the genes in whole animals at stage 55 (Fig. 4), in the
intestine and the tail, both genes were induced by TSA treatment
(Fig. 4A). ChIP assay with TR and RXR antibodies showed that
both receptors were bound to TRb- and THybZip-promoter
chromatin in premetamorphic intestine, tail, and whole animal,
independent of T3 or TSA treatment (Fig. 4B and data not
shown). Thus, the binding of unliganded TR to TREs leads to
gene repression in a tissue specific manner, likely involving
histone deacetylation.

Changes in Histone Acetylation Levels Correlate with Gene Regulation
by TR During Intestine Metamorphosis. To further investigate the
role of histone acetylation in regulation of the TH response
genes, we examined whether T3 or TSA treatment altered the
levels of histone H4 acetylation on TRb- and THybZip-
promoter chromatin. First, nuclei were isolated from intestine,
tail, and whole tadpole at stage 55 after treatment with T3 or
TSA and used for ChIP assay with an antibody specific to
acetylated histone H4. As observed for stage 47, in whole
tadpoles stage 55, the level of the acetylation levels on histone

H4 in TRb- and THybZip-promoter chromatin did not change
(Fig. 5A). However, in the intestine and tail, T3 treatment led to
an increase in the acetylation levels on histone H4 in chromatin
of both promoters (Fig. 5A), as did TSA except for THybZIP in
the tail (Fig. 5A). Second, by using an antibody against acetylated
lysine, Western blotting of proteins isolated from nuclei of stage
55 tadpole intestine treated with the histone deacetylase inhib-
itor revealed that TSA induced hyperacetylation of histones (Fig.
5B). T3 treatment caused little change in overall core histone
acetylation (Fig. 5B). This may not be surprising because T3 can
both activate and repress, directly or indirectly, gene expression
in various target tissues, and it would be expected to alter the
histone acetylation levels of only its target genes but not globally.

As a control, ChIP analysis of a transcribed region of TRb
gene between exons 3 and 4, which is .40 kb away from the TRb
promoter (9, 23), revealed that histone H4 acetylation level was
very low and more importantly, not affected by either T3 or TSA
treatment (Fig. 5C). Finally, as another control for specificity of
the induced local histone hyperacetylation, we analyzed the
acetylation level of IFABP promoter. The IFABP gene is

Fig. 3. T3 treatment leads to the release of histone deacetylase Rpd3 from TH
response gene promoters. Stage 47 tadpole nuclei were isolated after 100 nM
T3 treatment for 24 h. Chromatin was immunoprecipitated with antibody
against histone deacetylase Rpd3 and analyzed by PCR as in Fig. 2. The data
represents one out of several independent experiments with identical result.

Fig. 4. T3 and TSA induce transcription of T3 response genes without altering
TR/RXR binding to TRE in premetamorphic tadpoles. (A) Differential effects of
T3 and TSA on gene expression. Stage 55 tadpoles were treated for 2 days with
T3 (10 nM) or TSA (100 nM). Total RNA was extracted from whole animals,
intestine, or tail tissues and used for PCR analysis of TRb and THybZIP expres-
sion. The expression of ribosomal protein gene Rpl8 was used as an internal
control. Note that T3 treatment increased mRNA levels of T3 response genes in
whole animals, intestine, and tail, whereas TSA treatment altered T3 response
gene expression only in intestine and tail. (B) TRyRXR binds to TREs in chro-
matin constitutively. Chromatin isolated from whole tadpoles, the intestine,
or the tail of the T3- or TSA-treated stage 55 tadpoles (A) was immunopre-
cipitated with antibodies against TR or RXR and analyzed by PCR as in Fig. 2.
The figure represents one of two independent experiments with identical
results.
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expressed only in the intestinal epithelial cells (29). It is not a T3
direct response gene and its promoter lacks a TRE (24, 29).
Consistently, we found that IFABP was not expressed in the tail

but was expressed in the intestine (ref. 29 and data not shown).
ChIP assay showed that the chromatin of its promoter contained
acetylated histone H4 in the intestine but not in the tail (Fig. 5D).
Furthermore, in the intestine, the level of histone H4 acetylation
was not affected after a T3 treatment but slightly increased after
TSA treatment (Fig. 5D). These results indicate that the ob-
served change in histone acetylation levels is restricted to T3
target genes in specific tissues and is not a non-specific effect of
the hormone treatment. Taken together, these data suggest that
T3-induced gene expression requires histone hyperacetylation of
chromatin atynear the TREs of target genes in vivo.

Discussion
In vitro biochemical and tissue culture transfection studies have
shown that TRyRXR heterodimers can repress or activate gene
transcription depending upon the absence or presence of TH.
Our earlier work using the frog oocyte system indicates that such
dual functions of the receptors persist even in the context of
chromatin (12, 30–32, 42). Recent findings by us and others
suggest that unliganded TR can recruit histone deacetylases,
whereas T3-bound TR can recruit histone acetyltransferases
(acetylases) to target genes (5, 7, 33, 42). This result has
strengthened the connection between histone acetylation, chro-
matin remodeling, and hormone-induced gene regulation. How-
ever, there is a lack of in vivo evidence demonstrating the dual
functions of TRyRXR and the physiological consequence of
changes in histone acetylation as a mechanism in TR-mediated
transcriptional regulation. Our studies here provide a critical link
between in vitro studies and developmentalyphysiological roles
of the receptors. Our major conclusions are (i) TR and RXR
binds to TREs in chromatin constitutively during postembryonic
development; (ii) in the absence of T3, histone deacetylase is
present at TH response gene promoters, and (iii) changes in
histone acetylation levels correlate with T3-dependent gene
regulation in some but not all tissues.

Amphibian metamorphosis, a postembryonic process con-
trolled by TH, is a unique model to study TR function in vivo
during development. Before stage 35 (hatching stage) for Xe-
nopus laevis, embryos are incapable of responding to exogenous
T3 (34). The lack of competence to respond to T3 has been
suggested to be attributable to the lack of adequate levels of TRs
(25). TRa genes are activated only after tadpole hatching (stage
35) whereas TRb genes are repressed until metamorphosis (13,
20). We have demonstrated here for the first time in vivo that
there is little TR binding in a chromatin context to TREs of TH
response genes in embryos. Moreover, the increase in TR
binding to TREs as the embryos develop into tadpoles (e.g.,
from stage 20 to 47) associated with the up-regulation of TRa
expression is directly correlated with the ability of TH response
genes to be activated by T3 treatment in premetamorphic
tadpoles. Our results further show that both TR and RXR are
bound to the TREs in chromatin, although our assay does not
allow us to distinguish between the binding of TRyTR ho-
modimers and TRyRXR heterodimers to TREs. On the other
hand, these results together with our earlier studies showing that
over-expression of TRs and RXRs together but not individually
in Xenopus embryos leads to specific regulation of TH response
genes (14) provide a molecular basis, that is, the expression of
TR and RXR genes, for tadpole competence (i.e., the ability to
respond physiologically to T3).

TRyRXR appears to have dual functions, repressing TH
response genes in premetamorphic tadpoles but activating them
during metamorphosis. How TR represses genes in vivo during
development is yet unclear. Here we have demonstrated that (i)
T3 treatment lead to the release of histone deacetylase Rpd3
from the TRE regions of TH response genes in premetamorphic
tadpoles, and (ii) treatment with the histone deacetylase inhib-
itor, TSA, leads to the activation of T3 response genes in vivo in

Fig. 5. T3 treatment increases histone H4 acetylation specifically at the TRE
regions of T3 response genes in premetamorphic tadpole intestine and tail. (A)
Organ-specific changes in histone acetylation by T3 and TSA. Stage 55 tadpoles
weretreatedfor2dayswithT3 (10nM)orTSA(100nM).Nucleiextractfromwhole
tadpole, intestine, or tail were used for ChIP assay by using an antibody against
acetylated histone H4. Aliquots of the chromatin before immunoprecipitation
were used directly in PCR as a DNA control (input). (B) TSA but not T3 increases
overall histone acetylation level in the intestine. Nuclear proteins (20 mg) from
intestine of the above animals were loaded on a Tris-glycine 18% acrylamide gel
(Novex). Proteins were transferred to a poly(vinylidene difluoride) Immobilon-P
membrane (Millipore), and rabbit anti-acetyl-lysine polyclonal antibody (Upstate
Biotechnology)wasusedtoanalyzecorehistoneacetylationstates. (C)T3 andTSA
treatment has no effects on histone H4 acetylation in the transcribed region of
TRb gene far from the promoter in the intestine. ChIP assay was performed as in
A for an internal region of TRb gene instead of the promoter region. (D) Histone
H4 acetylation levels at the promoter of IFABP gene, which is not a directly T3

response gene, in the intestine, tail, and whole tadpole (WT). Note that histone
acetylation of the promoter could be detected in the intestine or whole tadpoles
but not in the tail, where the IFABP gene is not expressed. TSA but not T3

treatment increasedslightlyhistoneH4acetylation levelat thepromoterof IFABP
gene in the intestine. All experiments were done at least twice.
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the intestine and tail of premetamorphic tadpoles. These results
suggest that during premetamorphic development, unliganded
TRs are likely to repress transcription, in part by recruiting
corepressor complexes containing histone deacetylases, al-
though direct experimental proof remains be obtained.

The dynamics of histone acetylation provides an attractive
mechanism for the reversible activation and repression of tran-
scription (7, 35). Liganded TRs can recruit coactivator complex.
Diverse coactivator proteins have been shown to have histone
acetyltransferase activities (6, 36). Our in vivo data shows that T3
treatment leads to the release of histone deacetylase at T3
response gene promoters. We also show at least in the intestine
and the tail, that T3 increases local histone H4 acetylation, which
may be contributed by the release of deacetylase complexes
andyor concurrent recruitment of acetylase complexes. These
findings are consistent with the idea that histone acetylation is
associated with transcriptionally competent chromatin and hy-
poacetylated histones with transcriptionally silent chromatin,
and they support a role for alterations of histone acetylation
levels in gene regulation by TRs.

It is worth pointing out that changes in histone acetylation are
not necessarily always associated with alterations in gene ex-
pression. As we have observed here, T3 treatment led to the
up-regulation of the TH response genes in whole animals or
individual organs although no detectable changes in histone
acetylation could be detected in whole animals. Likewise, the
release of repression after TSA treatment was not observed in
whole animals, even though it increased histone acetylation. One
possible interpretation could be that in whole tadpoles even in
presence of T3, the TH response genes may be active in certain
tissues but repressed in others. This may lead to unaltered or
minute changes in the overall levels of gene expression or histone
acetylation after T3 or TSA treatment when analyzed on whole
animals. Alternatively, but not mutually exclusively, histone
acetylation may play only minor roles in gene repression in some

organsytissues or that multiple repressionyactivation pathways
exists in many organsytissues such that alterations in histone
deacetylation levels alone is insufficient to change gene expres-
sion. For example, histone deacetylase-independent repression
mechanisms have been suggested by the ability of some com-
ponents of the TR-recruited corepressor complexes to interact
with components of the basal machinery (37–39). Similarly, one
TR-coactivators complex has been isolated and found to have no
histone acetyltransferase activity (40). In addition, a growing
number of non-histone proteins such as transcription factors or
coactivators have been shown to be acetylated by histone acetyl-
transferases, leading to functional modifications (41). Thus,
these observations together with our findings here also point to
the existence of mechanisms other than those involving histone
acetylation changes for transcriptional regulation by TR both in
the presence and absence of TH.

In conclusion, our results show that in vivo during amphibian
development, TRs are bound to TREs assembled into chroma-
tin, whereas in the absence of hormone, they recruit histone
deacetylase complexes to silence transcription in a tissue specific
manner. Upon TH synthesis during metamorphosis, the recep-
tors undergo conformational change that could lead to the
release of deacetylase complexes and possible recruitment of
acetyltransferase complexes, resulting in increased histone acet-
ylation and gene activation. Although this model is likely an
over-simplified one considering our current knowledge on the
involvement of other cofactor complexes that do not alter
histone acetylation levels and the ability of non-histone tran-
scription factors and cofactor to be acetylated (40, 41), such a
switch between transcriptional repression and activation involv-
ing chromatin remodeling by TRs provides one possible molec-
ular mechanism for the control of the biphasic amphibian
development.
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