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Thyroid hormone receptors (TRs) can repress or activate target genes depending on the absence or presence
of thyroid hormone (T3), respectively. This hormone-dependent gene regulation is mediated by recruitment of
corepressors in the absence of T3 and coactivators in its presence. Many TR-interacting coactivators have been
characterized in vitro. In comparison, few studies have addressed the developmental roles of these cofactors in
vivo. We have investigated the role of coactivators in transcriptional activation by TR during postembryonic
tissue remodeling by using amphibian metamorphosis as a model system. We have previously shown that ste-
roid receptor coactivator 3 (SRC3) is expressed and upregulated during metamorphosis, suggesting a role in
gene regulation by liganded TR. Here, we have generated transgenic tadpoles expressing a dominant negative
form of SRC3 (F-dnSRC3). The transgenic tadpoles exhibited normal growth and development throughout em-
bryogenesis and premetamorphic stages. However, transgenic expression of F-dnSRC3 inhibits essentially all
aspects of T3-induced metamorphosis, as well as natural metamorphosis, leading to delayed or arrested meta-
morphosis or the formation of tailed frogs. Molecular analysis revealed that F-dnSRC3 functioned by blocking
the recruitment of endogenous coactivators to T3 target genes without affecting corepressor release, thereby
preventing the T3-dependent gene regulation program responsible for tissue transformations during metamorpho-
sis. Our studies thus demonstrate that coactivator recruitment, aside from corepressor release, is required for T3
function in development and further provide the first example where a specific coactivator-dependent gene regu-

lation pathway by a nuclear receptor has been shown to underlie specific developmental events.

Thyroid hormone receptors (TRs) are believed to mediate
most, if not all, of the vast, diverse biological effects of thyroid
hormone (T3) (38, 56, 62, 75). TRs belong to the superfamily
of nuclear hormone receptors, which also includes steroid hor-
mone receptors and 9-cis retinoic acid receptors (RXRs), and
function in vivo most likely as heterodimers with RXRs (38, 41,
66, 75). TR/RXR heterodimers bind to T3 response elements
(TRESs) constitutively and repress or activate gene expression
in a T3-dependent manner by recruiting corepressors or coac-
tivators, respectively.

In vitro and cell culture studies have led to the isolation and
characterization of many TR-interacting cofactor complexes
(31, 34, 48, 75, 79). Among them, the best-studied corepressor
complexes are those containing the nuclear receptor corepres-
sor N-CoR (27) and the silencing mediator of retinoid and
thyroid hormone receptor SMRT (7). Both N-CoR and SMRT
exist in multiple histone deacetylase (HDAC)-containing com-
plexes (23, 34, 40, 79). Recent studies suggest that TR most
likely utilizes the complexes that contain HDAC3 and TBL1
(for transducin beta-like protein 1) or TBLR1 (for TBL1-
related protein) (23, 28, 40, 63, 64, 76, 78).

Among the coactivators that interact with TR directly, the
steroid receptor coactivator (SRC) family, which comprises
three members (SRC1/NCoA-1, SRC2/TIF2/GRIP1, and SRC3/
pCIP/ACTR/AIB-1/RAC-3/TRAM-1) has been the focus of
intense studies (6, 26, 39, 45, 61, 68). The SRC proteins bind
TR and other nuclear receptors in a ligand-dependent manner
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through LXXLL (L, leucine; X, any amino acid) motifs, which
are indispensable for the interaction (11, 24, 45, 67, 68). The
LXXLL motifs form short amphipathic a-helices, with the
leucine residues forming a hydrophobic surface on one face of
the helix (44, 59, 65). These motifs bind a hydrophobic cleft in
the ligand-binding domain of liganded nuclear receptors (13).
Three such LXXLL motifs are localized in the central region
of these proteins and form the receptor interaction domain
(RID). SRC proteins function as bridging factors to recruit
chromatin-modifying enzymes, including methylases and his-
tone acetyltransferases.

It remains to be determined how TR utilizes these co-
activators in vivo, especially during development when TR
regulates different genes in different cell types. This lack of
information on the in vivo function of the coactivators in
developmental gene regulation by TR is attributed largely to
the difficulty in studying TR function in the uterus-enclosed
mammalian embryos, despite the fact that T3 deficiency has
long been known to cause severe developmental defects, in-
cluding cretinism (25). The effects of T3 on development take
place mainly during perinatal period, when T3 levels in the
plasma are high (4, 25, 37).

It is unclear whether and how TR mediates the developmen-
tal effects of T3 because of the existence of nongenomic mech-
anisms through cytosolic T3-binding proteins (10). Studies with
TR knockout mice have provided some in vivo evidence to
support a critical role of TRs in mediating T3 signal in devel-
opment. Interestingly, mice lacking TRa or TRB or both have
much less severe developmental defects than those lacking T3
(15-17, 20, 22, 70). Furthermore, transgenic mice harboring a
dominant negative form of the corepressor N-CoR containing
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only the receptor-interacting domain in the liver exhibit up-
regulated T3-inducible genes (14). Finally, many studies with
tissue culture cells and frog oocytes show that the bulk of the
increases in target gene expression by T3 appears to be due to
the release of repression caused by unliganded TR. These
studies thus leave unresolved the possibility that corepressor
release, not coactivator recruitment, may be the major effect of
T3 on gene regulation during development.

Here, we use amphibian metamorphosis as a model to study
the role of coactivators in T3 function during development.
Amphibian metamorphosis is a T3-dependent process that
bears strong similarities to postembryonic development in
mammals (56, 62). Unlike mammalian development, amphib-
ian metamorphosis can be easily manipulated by blocking the
synthesis of endogenous T3 or by adding physiological concen-
trations of T3 to the tadpole rearing water, even though dif-
ferent organs and/or tissues undergo vastly different transfor-
mations (12, 56).

Using this model system, we have shown previously that the
mRNAs of TR interacting cofactors SRC2, SRC3, and p300
are expressed during metamorphosis, among which SRC3 is
upregulated during both natural and T3-induced metamorpho-
sis, supporting a role for this coactivator (47). To directly
investigate the role of coactivator recruitment by TR in medi-
ating the developmental effects of T3 in vivo, we introduced a
dominant negative form of SRC3 (F-dnSRC3) into developing
animals through sperm-mediated transgenesis. We showed that
F-dnSRC3 inhibits both natural and T3-induced metamorpho-
sis and the expression of TR target genes by specifically block-
ing coactivator recruitment but not corepressor release. These
results thus identify an essential role of coactivator binding to
TR beyond corepressor release in postembryonic development.

MATERIALS AND METHODS

Cloning and constructs. The dominant negative SRC3, F-dnSRC3, was gen-
erated by PCR amplification of the sequences encompassing the receptor inter-
action domain of Xenopus laevis SRC3 (amino acids [aa] 600 to 751) (35). The
construct was generated to encode a fusion protein with an N-terminal Flag
epitope tag (8), followed by the simian virus 40 (SV40) nuclear localization signal
(NLS) (5) using a 5’ primer containing the sequences encoding these fusion
peptides in frame with the SRC3 coding sequence. The primers used were (5’ to
3') AGATCTACCGGTGCCATGGACTACAAAGACGATGACGATAAAG
GATCCCCAAAGAAGAAGAAGCGTAAGGTACTCGAGATGATATTTGAAG
GGTCGGAGA (the Flag tag is underlined and the NLS is shown in boldface
type) and CTAGTCACTAGTGAATTCTCACTTGGCCAGTGGGTCCTTCC
AGTC. For expression and detection in frog oocytes, the PCR product was
cloned into the T7Ts expression vector (a gift from G. J. C. Veenstra, University
of Nijmegen), which is based on the pGEM-4Z vector (Promega) and contains
the 5" and 3’-untranslated regions of the X. laevis B-globin gene flanking the
multiple cloning sites.

For transgenesis, F-dnSRC3 was subcloned into the vector pPCGCG (18) under
the control of the cytomegalovirus (CMV) promoter, replacing the original green
fluorescent protein (GFP) fragment at this location and resulting in the double-
promoter construct pCF-dnSRC3CG, which also has the gene for GFP driven by
the eye lens-specific y-crystallin promoter.

Animals, transgenesis, and animal treatment. Wild-type tadpoles of the Af-
rican clawed frog Xenopus laevis were obtained from Xenopus I, Inc. (Dexter,
MI), and developmental stages were determined according to Nieuwkoop and
Faber (43). Adult female frogs used for oocyte preparation were obtained from
NASCO (Fort Atkinson, WI).

Transgenesis was carried out using X. laevis as described previously (18) using
the double-promoter construct pCF-dnSRC3CG. Transgenic animals were iden-
tified by GFP expression in the eye lens due to the presence of the second
promoter, the y-crystallin promoter, driving the expression of GFP.

To study the effect of transgene on T3-induced tail resorption and other
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external changes, 1-week-old transgenic tadpoles were treated for 7 days with 10
nM T3 diluted in 0.1X MMR (10 mM NaCl-0.2 mM KCI-0.1 mM MgCl,-0.2
mM CaCl,-0.5 mM HEPES, pH 7.5). Both wild-type and transgenic animals
were treated in the same container to ensure similar conditions of treatment. To
study the effect of the transgene on limb development and changes in the intes-
tine, stage 54 animals were treated with the indicated amount of T3 (two ani-
mals per liter of deionized, dechlorinated water). These tadpoles were sacrificed
by decapitation after anesthesia (cooling on ice) to isolate tissues for molecular
analyses.

Oocyte injection and immunoprecipitation. pSP64-TR, pSP64-RXR (71), and
T7Ts-Flag-dnSRC3 were used to synthesize the corresponding mRNAs in vitro
with a T7 or SP6 in vitro transcription kit (nMESSAGE mMACHINE; Am-
bion). The mRNA, at a concentration of 5.75 ng/oocyte, was microinjected into
the cytoplasm of 20 X. laevis stage VI oocytes. After incubation overnight at
18°C, the oocytes were lysed by being pipetted in lysis buffer (20 mM HEPES, pH
7.5,5 mM KCl, 1.5 mM MgCl,, 1 mM EGTA, 10 mM glycerophosphate, 150 mM
NaCl, 0.1% NP-40, 1 mM dithiothreitol, 0.2 mM phenylmethylsulfonyl fluoride,
and protease inhibitor mixture [Roche Applied Science]). After centrifugation at
14,000 rpm for 10 min at 4°C, the supernatant was used for immunoprecipitation
with anti-Flag-M2-agarose beads (Sigma). Each lysate was incubated with the
beads for 4 h and washed three times in the lysis buffer. The immunoprecipitates
were boiled in sodium dodecyl sulfate (SDS) loading buffer, separated on an
SDS-polyacrylamide gel, and immunoblotted with indicated antibodies.

Luciferase assays. The cytoplasm of groups of stage VI oocytes was injected
with mRNAs encoding TR, RXR, and/or F-dnSRC3 (5.75 ng per oocyte). The
reporter plasmid DNA (0.33 ng/oocyte), which contained the T3-dependent
TRBA promoter driving the expression of the firefly luciferase (1) was injected
into the oocyte nucleus, together with a control construct which contained the
herpes simplex virus tk promoter driving the expression of Renilla luciferase (0.03
ng/oocyte). Following incubation overnight at 18°C in the absence or presence of
100 nM T3, oocytes were prepared for luciferase assay by the Dual-Luciferase
Reporter Assay system (Promega), according to the manufacturer’s recommen-
dations.

Protein extraction and Western blot analysis. Isolated tissues from wild-type
and transgenic tadpoles at stage 54 were homogenized on ice in lysis buffer [10
mM Tris-HCI, pH 7.5, 150 mM NaCl, 5 mM EDTA, 1% Triton X-100, 200 M
4-(2-aminoethyl)-benzenesulfonylfluoride HCI, 5 pg/ml aprotinin, 2 pg/ml leu-
peptin, and 1 pg/ml pepstatin]. The homogenate was kept on ice for 30 min
before centrifugation for 15 min at 4°C (11,000 X g). Equal amounts of the
protein extract were then analyzed by Western blotting with anti-Flag antibodies
to detect the expression of the transgene.

Chromatin immunoprecipitation (ChIP) assays. The ChIP assay with Xenopus
oocytes was performed as described previously (63). For the ChIP assay with
tadpole tissues, four tadpoles per treatment group were used. Wild-type and
transgenic tadpoles were treated with 10 nM T3 for 2 days in the same container.
The ChIP assay was performed as described previously (9, 54) with minor
modifications (64). The following antibodies were used in the assay: anti-Xenopus
TR (71), anti-acetylated histone H4 (Upstate Biotechnology, Lake Placid, N.Y.),
anti-Flag M2-agarose (Sigma), anti-Xenopus SRC3 (generated in rabbits by coin-
jecting the peptides SGEKRRREQESK and DHLEDGSNLDARQRYE), and
anti-Xenopus SMRT antibody (generated by immunizing a rabbit with the poly-
peptide KSKKQEMIKKLSTTNRSEQE, located in a 2-kb cDNA fragment cor-
responding to the C-terminal part encompassing the TR-binding domain of the
Xenopus laevis SMRT) (64). The primers used in the oocyte ChIP assay were (5’
to 3’ direction) TGCCTGTGTCTATACTGATGGGAT and CATTTTACCAA
CAGTACCGGAATGC, producing a 190-bp fragment containing the TRE re-
gion of the construct TRE-Luc.

The DNA from the ChIP assay with tadpole tissues was analyzed by quanti-
tative PCR in duplicate on an ABI 7000 (Applied Biosystems) system using
promoter-specific primers and 6-carboxyfluorescein-labeled TagMan probes
(Applied Biosystems). To ensure the validity of the PCR for each assay, six
twofold serial dilutions from a large batch of ChIP input DNA prepared from
intestines prepared especially to serve as standards were used for the quantifi-
cation of the experimental samples. The calculated standard curves ranged in
slope from —3.30 to —3.50, where theoretical amplification has a slope of —3.32.
Also included was a no-template control, where double-distilled water was added
instead of sample DNA as a control for PCR product contamination. Results
from the experimental samples were within the range of the standard curve. The
primers used for the quantitative PCR were as follows (5’ to 3"): CCCCTATC
CTTGTTCGTCCTC and GCGCTGGGCTGTCCT for the TRE region of the
TRBA promoter and GGACGCACTAGGGTTAAGTAAGG and TCTCCCAA
CCCTACAGAGTTCAA for the TRE region of the TH/bZIP promoter. The
6-carboxyfluorescein-labeled probes were (5" to 3") CCTAGGCAGGTCATTTC
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FIG. 1. The Xenopus laevis SRC3 protein is recruited by TR to target genes in the frog oocyte. (A) The anti-SRC3 antibody specifically
recognizes the Xenopus laevis SRC3 protein. The two SRC family proteins cloned from Xenopus laevis, SRC3 and SRC2 (lanes 2 and 3), were
translated in vitro in the presence of **S-Met and analyzed on an 8 to 16% Tris glycine SDS gel. The proteins were transferred to a membrane
and blotted with polyclonal anti-SRC3 antibodies. Top, **S-Met signal; bottom, Western blot signal. Lane 1, control (unprogrammed rabbit reti-
culocyte lysate). (B) The anti-SRC3 antibody recognizes endogenous SRC3 protein in Xenopus oocyte nuclei. Lanes 1 and 2, unprogrammed rabbit
reticulocyte lysate and in vitro-translated SRC3, respectively; lane 3, protein extract from isolated nuclei (germinal vesicles) of Xenopus oocytes.
(C) Transcription from the T3-inducible promoter of the Xenopus TRBA gene is regulated by TR/RXR in a ligand-dependent manner. The cyto-
plasm of oocytes was injected with mRNAs for TR (5.75 ng/oocyte) and RXR (5.75 ng/oocyte). The firefly luciferase reporter construct TRE-Luc
(0.33 ng/oocyte) was then injected into the nucleus together with the control Renilla luciferase plasmid (0.03 ng/oocyte), followed by incubation
overnight at 18°C with or without 100 nM T3. The oocytes were harvested and lysed, and the ratio of firefly luciferase from TRE-Luc to that from
the control Renilla luciferase plasmid was determined for each oocyte. The average and standard deviations from four measurements are plotted.
(D) SRC3 is recruited to the TRE in a ligand-dependent manner. Groups of oocytes were injected with mRNAs for TR and RXR and treated
as described above. ChIP assays were carried out using antibodies against TR and SRC3 to detect the occupancy of TR and SRC3 on the promoter.
The presence of TRE in the immunoprecipitated samples was detected by PCR using primers flanking the TRE. The products were analyzed on
a 2% agarose gel and visualized by ethidium bromide staining. The DNA prior to immunoprecipitation was amplified by PCR as an input control.

and ATGAGGCTGAGCATTCA for the TRBA and the TH/bZIP promoters,
respectively.

RNA isolation and reverse transcriptase PCR (RT-PCR). RNA was isolated
using the Trizol reagent (Invitrogen) per the manufacturer’s recommendations.
RT-PCRs were carried out with the Superscript One-Step RT-PCR kit (Invitro-
gen). The expression of the ribosomal protein L8 (Rpl8) was used as an internal
control (58). The sequences of the primers used were (5’ to 3') CGTGGTGCT
CCTCTTGCCAAG and GACGACCAGTACGACGAGCAG for rpi8 (58), CC
TGATGCATGCAAAACT and GTTCATCCTGGAAAGCAG for ST3 (46),
CACTTAGCAACAGGGATCAGC and CTTGTCCCAGTAGCAATCATC
for TH/bZIP (19), ATAGTTAATGCGCCCGAGGGTGGA and CTTTTCT
ATTCTCTCCACGCTAGC for TRBA (74), CATCATGATTCCTGGTAA
CCGA and AAATTTCCATTTTCTGCTGTGC for BMP-4 (42), and GGGC
AGTGGACATCACCAC and GTTGACCTTGGTCTGGGCC for xhh (60).
The sequences of the primers used for the detection of F-dnSRC3 in trans-
genic animals were (5’ to 3') ACCGGTGCCATGGACTAC and CTAGT
CACTAGTGAATTCTCACTTGGCCAGTGTCCTTCCAGTC. A total of
0.5 g of total RNA was used in a 25-pl reaction mixture, under the following
reaction conditions: 42°C for 30 min for the RT reaction, followed by 21 to 25
cycles, each consisting of 94°C for 30 s, 55°C for 30 s, and 72°C for 30 s. The
resulting products were analyzed on an agarose gel stained with ethidium bro-
mide.

Histological analysis of the intestine. The intestines of the tadpoles were
dissected and fixed for 2 h at room temperature in 4% paraformaldehyde-60%
phosphate-buffered saline, cryoprotected in 0.5 M sucrose in 60% phosphate-

buffered saline and embedded in OCT medium (TissueTek). The intestines were
sectioned in a cryotome at 7.5 wm. Sections were visualized with methyl green
pyronin Y (Muto, Tokyo, Japan) (29).

RESULTS

TR recruits SRC3 during transcriptional activation in Xe-
nopus laevis oocytes. Our previous expression studies have
shown that both SRC2 and SRC3 are expressed and that SRC3
is upregulated during both natural and T3-induced metamor-
phosis. We were thus interested in investigating the roles of
such TR-binding coactivators in this postembryonic process by
altering coactivator recruitment by TR through transgenesis.
For this purpose, we reasoned that this might be accomplished
by introducing a dominant negative form of SRC3 to inhibit
the binding of endogenous coactivators to liganded TR. As a
first step, we generated polyclonal antibodies against peptides
derived from Xenopus laevis SRC3. The specificity of the
antibody was verified by Western blotting using in vitro-
translated Xenopus SRC3 and SRC2 (Fig. 1A), the two SRC
proteins cloned so far from Xenopus laevis. In addition, the
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FIG. 2. Generation and characterization of a dominant negative SRC3 (F-dnSRC3). (A) Schematic representation of the full-length SRC3
illustrating the organization of various domains: bHLH/PAS (basic helix-loop-helix and PAS dimerization domains) RID, and CID (CBP/p300
interaction domain). The LXXLL motifs present in the protein are numbered from i to vi. A glutamine-rich (Q-rich) region is present towards the
C-terminal end of the protein. The dominant negative form, dnSRC3 (aa 600 to 751), which comprises the LXXLL motifs i to iii, forming the RID,
and fused to an N-terminal peptide containing the Flag tag and nuclear localization sequences, is shown below. (B) The F-dnSRC3 protein is
localized in the nucleus. Oocytes were injected with mRNAs (5.75 ng/oocyte) for F-TR, RXR, and F-dnSRC3 and incubated overnight. The oocytes
were then harvested, and nuclei were dissected manually under a light microscope. The nuclei and cytoplasmic components were resuspended in
1x SDS lysis buffer, boiled for 5 min, resolved on an 8 to 16% Tris glycine-SDS gel, and visualized by Western blotting using anti-Flag antibody.
Lane 1, C, the cytoplasmic extracts of Xenopus oocytes overexpressing F-dnSRC3 and F-TR; lane 2, N, the corresponding nuclear extracts; lane
3, IVT, in vitro-translated F-dnSRC3. The asterisks indicate cross-reacting bands recognized by the antibody. (C) F-dnSRC3 interacts with
TR/RXR in a T3-dependent manner. Groups of oocytes were injected with 5.75 ng of TR, RXR, and F-dnSRC3 mRNAs and incubated overnight
in the presence or absence of 100 nM T3. Twenty Xenopus oocytes were used for each immunoprecipitation with anti-Flag M2 antibody conjugated
to Sepharose beads, followed by Western blot analysis using anti-TR antibody. Lanes 1 to 3, 10% input samples; lanes 4 to 6, immunoprecipitation
with anti-Flag antibody. (D) Western blotting of input samples shown in panel C with anti-Flag antibody shows similar expression of F-dnSRC3
in the injected oocytes.

antibody was raised against peptides from SRC3 that did not gene activation by TR, we carried out ChIP assays using anti-
exhibit sequence similarity to any region of SRCI cloned so far bodies against TR and SRC3. The results revealed that while
from other species (not shown), making it unlikely to recognize TR binds to the TRE region constitutively, endogenous SRC3
endogenous Xenopus laevis SRCI1. was recruited to the TRBA promoter only in the presence of T3

To study the involvement of SRC3 in T3-mediated transcrip- (Fig. 1D), suggesting that liganded TR recruits SRC3 to acti-
tional activation, we utilized the frog oocyte system, which vate the promoter in vivo.

allows the analysis of gene activation by TR in the context of A dominant negative SRC3 inhibits gene activation by TR in
chromatin (71). First, we showed that endogenous SRC3 was the frog oocyte. To generate a dominant negative form of
present in the nuclei of Xenopus oocytes (Fig. 1B, lane 3). Next, SRC3, we reasoned that a truncated protein comprising only
a reporter construct, TRE-Luc, which harbors the T3-depen- the receptor interaction domain of SRC3 might be able to
dent Xenopus TRBA promoter fused to the firefly luciferase function as a dominant negative inhibitor of coactivator bind-

gene (1), was microinjected into the nuclei of Xenopus oocytes ing to TR, thus inhibiting gene activation by liganded TR.
together with a plasmid harboring the Renilla luciferase gene Therefore, we generated a truncated form of SRC3 (Fig. 2A),
as an internal control. The mRNAs encoding TR and RXR F-dnSRC3, consisting of an N-terminal Flag tag, followed by
were microinjected subsequently into the cytoplasm of the the SV40 NLS and the receptor interaction domain of SRC3
oocytes. Following an overnight incubation in the presence or (aa 600 to 751) (35). To verify the expression and localization
absence of 100 nM T3, oocytes were harvested and assayed for of F-dnSRC3, its mRNA was synthesized in vitro and micro-
luciferase activity. As expected, in the absence of T3, basal injected into the oocyte cytoplasm. As a control, the mRNA
activity from TRE-Luc was repressed by TR and RXR (71), encoding Flag-tagged Xenopus TR (F-TR), which localizes to
while in the presence of T3, the promoter was activated (Fig. the nucleus, was coinjected. After overnight incubation, the
1C). Finally, to determine whether SRC3 was involved in this nuclear and cytoplasmic fractions of the injected oocytes were
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FIG. 3. (A) F-dnSRC3 inhibits T3-induced transcription from the TRBA promoter. The mRNAs for TR, RXR, and F-dnSRC3 (5.75 ng/oocyte)
were injected into the cytoplasm of oocytes. The firefly luciferase reporter vector (0.33 ng/oocyte) (TRE-Luc) was then injected into the nucleus
together with the control Renilla luciferase plasmid (0.03 ng/oocyte). After overnight incubation at 18°C with or without 100 nM T3, oocytes were
harvested and assayed for transcription from TRE-Luc. The ratio of firefly luciferase activity from TRE-Luc to that from the control Renilla
luciferase plasmid was determined for each oocyte, and the average from six oocytes was plotted together with the standard deviation. Note that
as expected, unliganded TR/RXR repressed basal activity of the target promoter; the addition of T3 released the repression and further activated
the promoter. F-dnSRC3 inhibited T3 activation but not basal activity. (B) F-dnSRC3 competes against endogenous SRC3 for recruitment to the
TRBA promoter in a ligand-dependent manner. A total of 5.75 ng of TR, RXR, or F-dnSRC3 mRNAs was injected into the cytoplasm of each
Xenopus oocyte. The construct TRE-Luc was injected into the nucleus. The oocytes were treated with or without 100 nM T3 as indicated. After
overnight incubation, ChIP analysis was carried out using anti-TR, anti-SRC3, or anti-FLAG antibodies.

isolated and subjected to Western blotting using the anti-Flag
antibody. The results showed that both F-TR and F-dnSRC3
were efficiently expressed and localized in the nucleus (Fig.
2B).

To investigate the ability of F-dnSRC3 to interact with the
TR/RXR heterodimer, we then carried out coimmunoprecipi-
tation assays. The mRNAs encoding Xenopus TR, RXR, and
F-dnSRC3 were injected into the cytoplasm of oocytes. After
incubation overnight in the absence or presence of 100 nM T3,
extracts prepared from groups of oocytes were incubated
with the anti-Flag antibody. Immunoprecipitated samples were
then probed with anti-TR antibodies, which revealed that F-
dnSRC3 protein interacted with TR in a ligand-dependent
manner (Fig. 2C, lanes 5 and 6). Control Western blotting of
the extracts before immunoprecipitation with anti-Flag anti-
body showed that similar amounts of F-dnSRC3 were present
in oocytes incubated in the absence or presence of T3 (Fig. 2D,
lanes 2 and 3).

We next tested the ability of F-dnSRC3 to inhibit transcrip-
tional activation by liganded TR. Again, we microinjected the
reporter vector harboring the T3-dependent Xenopus TRBA
promoter into the nuclei of oocytes together with the internal
control plasmid harboring the Renilla luciferase gene. The
cytoplasm of groups of oocytes was injected with mRNAs
encoding TR, RXR, and/or F-dnSRC3. The oocytes were in-
cubated overnight in the absence or presence of T3, followed
by luciferase assays. As shown in Fig. 3A, F-dnSRC3 had no

effect on basal transcription in the absence of TR/RXR (Fig.
3A, lanes 1 and 2). However, the activation by TR/RXR in the
presence of T3 was inhibited by F-dnSRC3 (Fig. 3A, compare
lanes 5 and 4). To investigate whether this dominant negative
effect of F-dnSRC3 was due to its T3-dependent recruitment
to the promoter, ChIP assays were carried out using antibod-
ies against TR and F-dnSRC3. The results revealed that F-
dnSRC3 was recruited to the promoter in a T3-dependent
fashion, whereas TR bound constitutively to the TRBA pro-
moter in the oocyte (Fig. 3B). Moreover, in the presence of F-
dnSRC3, the T3-dependent recruitment of endogenous SRC3
to the promoter was impaired (Fig. 3B). These results suggest
that F-dnSRC3 functions as an effective dominant negative to
block endogenous coactivators in gene regulation by TR and
that the recruitment of SRC3 or other TR-binding coacti-
vators by liganded TR is essential for gene activation in vivo.

Transgenic overexpression of F-dnSRC3 inhibits T3-in-
duced metamorphosis. To investigate whether F-dnSRC3 may
affect gene regulation by TR and metamorphosis in vivo, we
introduced it into developing animals through transgenesis us-
ing the restriction enzyme-mediated integration method (36).
The expression of F-dnSRC3 in transgenic animals was driven
by the constitutively active CMV promoter. We used a double-
promoter construct that also harbored GFP under the control
of the y-crystallin promoter (Fig. 4A) (18), which is functional
only in the eye lens. This allowed us to rear both wild-type and
transgenic animals together to avoid variations in growth and
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FIG. 4. Generation of transgenic animals expressing F-dnSRC3. (A) Schematic representation of the construct used for transgenesis. The con-
stitutively active CMV promoter drives the expression of the transgene, F-dnSRC3, which is followed by the SV40 polyadenylation signal. The
construct also harbors GFP under the vy-crystallin promoter as a marker to identify transgenic animals. (B) A transgenic X. laevis tadpole. The
presence of GFP in the eye (green lens; arrow) indicates the presence of the transgene F-dnSRC3 in the tadpole. (C) The expression of the transgene
correlates with the presence of green eyes. RNA isolated from two wild-type animals (WT1 and WT2) and two transgenic animals (Tgl and Tg2,
as identified by the presence of the GFP in the eyes) was subjected to RT-PCR using primers specific for the transgene. Lanes 1 and 2, wild-type
animals; lanes 3 and 4, transgenic animals; lane 5, control PCR amplification by using the plasmid construct shown in panel A as the template. (D)
RT-PCR shows that the transgene mRNA is expressed similarly in different tissues of dnSRC3 transgenic but not wild-type animals. Total RNA
isolated from various tissues of wild-type (WT) and transgenic (Tg) tadpoles at stage 54 was analyzed by RT-PCR using the dnSRC3 transgene-
specific primers. Lanes 1 and 2, whole body; lanes 3 and 4, intestine; lanes 5 and 6, tail; and lanes 7 and 8, brain. (E) Western blot analysis confirms
the expression of F-dnSRC3 protein in different tissues of the transgenic animals. Lane 1, protein extract from a wild-type animal; lane 2, protein

extract from a transgenic animal.

treatment conditions, because transgenic animals could be eas-
ily identified at the end of the treatment by their green eyes
under a fluorescent microscope due to the GFP expression in
the eyes (Fig. 4B). After the transgenesis, the wild-type and
sibling transgenic (green-eyed) animals were reared together,
and the transgenic animals developed apparently normally (at
least after feeding begins at stage 45, when we started moni-
toring) up to the onset of metamorphosis compared to wild-
type siblings. To verify the expression of F-dnSRC3 in the
green-eyed transgenic animals, RNA from wild-type and sib-
ling transgenic (green-eyed) tadpoles was isolated and sub-
jected to RT-PCR, which revealed that green eyes correlated
with the presence of the transgene mRNA in the tadpoles (Fig.
4C). Furthermore, analysis of the expression of the transgene
in different tissues such as the intestine, tail, and brain showed
similar expression levels in different organs (Fig. 4D). Western
blot analysis confirmed similar levels of F-dnSRC3 protein in

different organs of the transgenic but not wild-type animals
(Fig. 4E).

To analyze the effect of the transgene on metamorphosis, we
first subjected early-premetamorphic-stage animals (stage 45; 7
days old) to T3 treatment when wild-type animals first become
competent to respond to T3. A 10 nM T3 treatment for 7 days
led to the expected metamorphic changes in wild-type tadpoles
(Fig. 5). The gills, which are the breathing organs in the tad-
poles, regressed, reducing the size of the head (Fig. 5A, com-
pare A2 and A5 to Al and A4). The Meckel’s cartilage of
the lower jaw protruded, giving the head a triangular appear-
ance (Fig. 5, compare A2 and A5 to Al and A4) and the tail
shortened (Fig. 5B). In contrast, little difference was observed
between transgenic tadpoles treated with T3 (Fig. 5, A3 and
A6, and 5B, Tg+T3) and the untreated wild-type tadpoles
(Fig. 5, Al and A4, and 5B, WT).

To study the effect on the transformation of other organs, we



5718 PAUL ET AL. MoL. CELL. BIOL.

WT+T3 WT  Tg+T3

FIG. 5. Transgenic overexpression of dnSRC3 inhibits T3-induced metamorphosis. (A) Transgenic tadpoles overexpressing dnSRC3 fail to
transform at the stage when wild-type tadpoles first become competent to respond to T3. One-week-old wild-type (WT) and transgenic (Tg)
tadpoles (at about stage 45) were treated with 10 nM T3 for 7 days in 0.1X MMR. Panels 1 to 3, dorsal views of tadpoles; 4 to 6, corresponding
ventral views of the tadpoles. Bar, 2 mm. Panels 1 to 4 show a wild-type tadpole without T3 treatment (WT). Panels 2 and 5 show a wild-type
tadpole treated with 10 nM T3 (WT+T3). Note the regression of gills (g) and protrusion of the lower jaw (j) only in WT tadpoles treated with
T3. Panels 3 and 6 show transgenic tadpoles overexpressing F-dnSRC3 treated with T3 (Tg+T3) exhibiting strong resistance to T3, as reflected
by the absence of gill regression. (B) Wild-type (WT+T3) but not transgenic (Tg+T3) tadpoles overexpressing F-dnSRC3 had significant tail
resorption upon T3 treatment. A wild-type animal (WT) without T3 treatment is shown as a control. (C) Overexpression of F-dnSRC3 inhibits
T3-induced head and limb morphogenesis in late-premetamorphic-stage tadpoles. Wild-type and transgenic tadpoles at stage 54, right before limb
morphogenesis, were treated with 5 nM T3 for 3 days. Transgenic tadpoles were identified by green fluorescence in the eye lens under a
fluorescence microscope. As in the case of younger tadpoles shown in panels A and B, the characteristic T3-induced changes such as resorption
of gills (bracketed) and development of the Meckel’s cartilage leading to protrusion of the jaw (marked as j) were observed in the case of the
wild-type tadpole treated with T3 (compare panel C2 to C1). In addition, the anterior end of the olfactory lobe (yellow arrow) is closer to the
nostrils (marked as N) in wild-type animals treated with T3 (C2) in contrast to untreated wild-type animals (C1). These changes are not observed
in dnSRC3 transgenic animals (C3). Furthermore, the development of the hind limbs is retarded in the transgenic animal (C6) compared to the
wild-type animal treated with T3 (CS5). The digits (white arrows) become obvious in the wild-type (C5) but not transgenic (C6) animals treated with
T3. Bar, 2 mm (C1 to C3), 1 mm (C4 to C6).

analyzed tadpoles at stage 54, just prior to the onset of natural
metamorphosis. At this stage, the hind limbs are about twice as
long as their width with no differentiation into digits. After 3
days of 5 nM T3 treatment, limb morphogenesis (Fig. 5, C5),
gill resorption and head remodeling (Fig. 5, C2) occurred in
wild-type tadpoles. These treated tadpoles also had a shorter
distance between the nostrils and the anterior end of the ol-
factory lobe compared to untreated ones (Fig. 5, C2 versus
C1). The F-dnSRC3 transgenic tadpoles were impaired in all
these transformations (Fig. 5, C3 and C6). Under our trans-
genic conditions, three out of four of the F, transgenic tad-
poles in three independent experiments displayed such strong

resistance to T3, while the remaining one in each independent
experiment exhibited a partial resistance to the effects of T3
(not shown), presumably due to lower levels of transgene ex-
pression.

The effect of the F-dnSRC3 transgene on the metamorpho-
sis of internal organs was studied by a histological analysis of
the small intestine. The premetamorphic intestine is a simple
tubular organ of a monolayer of epithelial cells with little
connective tissue and muscles except in the single epithelial
fold, the typhlosole, where connective tissue is abundant (57,
77). T3 treatment of premetamorphic tadpoles at stage 54
resulted in the typical metamorphic changes, including the
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FIG. 6. Transgenic expression of F-dnSRC3 inhibits T3-mediated intestinal remodeling. Wild-type (WT) and transgenic (Tg) animals were
treated with T3 as described for Fig. 5C, and the intestine was sectioned for analysis. (A to C) Cross sections of the small intestine of untreated
wild-type (WT) tadpole and wild-type (WT+T3) and transgenic (Tg+T3) animals treated with T3, respectively. (D to F) A higher magnification
of the intestinal sections shown in area delineated by boxes in panels A to C. The intestinal sections of wild-type animals (A) have a single fold,
the typhlosole (ty), a single layer of aligned columnar epithelial cells (ep), and a thin connective tissue layer (except in the typhlosole) surrounding
the epithelium. The intestinal sections of T3-treated wild-type tadpoles (B and E) exhibit degeneration of the larval epithelium, proliferation of
adult epithelial cells (arrow), and thickening of the connective tissue layers. The transgenic animals treated with T3 (C and D) had few such
changes. The lumen (lu) of these animals (C) remains large compared to that of wild-type animals treated with T3 (B). Bar, 50 wm.

degeneration of the larval epithelium, proliferation of adult
epithelial cells, and increase in the thickness of the connective
tissue (compare Fig. 6B to A and E to D). On the other hand,
the intestine of F-dnSRC3 transgenic tadpoles treated with T3
resembled the intestine of an untreated or premetamorphic
animal in structure, although intermediate transformation was
evident (Fig. 6C and F). These results, together with observa-
tions from external morphological analysis, suggest that F-
dnSRC3 inhibits T3-induced metamorphosis of most, if not all,
organs and/or tissues.

Transgenic overexpression of F-dnSRC3 inhibits natural
metamorphosis. We then examined the effects of the F-dnSRC3
transgene on natural metamorphosis by monitoring the natural
development of transgenic tadpoles. While wild-type tadpoles
complete metamorphosis within a little over 2 months (Fig.
7A), metamorphosis of the transgenic animals was delayed or
inhibited. Some of the transgenic animals completed metamor-
phosis in 3 to 4 months while others died prior to the end of
metamorphosis. A few tadpoles appeared to have completed
their metamorphic program, except the resorption of the tail
(Fig. 7B and C), in an extended period of 4 months. Massive
tail resorption, i.e., noticeable change in tail lengths, naturally
initiates around stage 62 when endogenous T3 and TR are at
peak levels; the completion of tail resorption also marks the

end of metamorphosis (12, 56), suggesting that tail resorption
requires maximal levels of TR action. Thus, it is possible that
it is easier to block tail resorption than other metamorphic
changes. Our results would suggest that animals with high
levels of F-dnSRC3 died due to inhibition of natural metamor-
phosis in many organs, although interference of F-dnSRC3
with other nuclear receptors cannot be ruled out completely.
The animals with lower levels of transgene expression were
able to complete metamorphosis in most organs but not in the
ones requiring high levels of T3 induction, such as the tail.
These different phenotypes observed were likely due to the
relative levels of expression of the F-dnSRC3 transgene com-
pared to the endogenous SRC3 and other coactivators. The
increase in the expression of endogenous SRC3 during natural
metamorphosis (47) might titrate out some of the effect of F-
dnSRC3 during natural metamorphosis compared to T3 treat-
ment of stage 54 tadpoles, where the endogenous SRC3 ex-
pression was low and the inhibition of T3-induced metamor-
phosis by F-dnSRC3 transgene was more dramatic (see above).

The F, generation of F-dnSRC3 transgenic animals also
displays resistance to T3-induced metamorphosis. Some of the
F, generation animals derived from the transgenic procedure
were able to complete natural metamorphosis, although it was
delayed compared to that of sibling wild-type animals. To elim-
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FIG. 7. Transgenic expression of F-dnSRC3 inhibits natural metamorphosis. Wild-type and transgenic tadpoles were allowed to undergo
natural metamorphosis. (A) By the end of metamorphosis at stage 66, about 2 months postfertilization, the wild-type animals (WT) had no tail.
(B and C) In contrast, two 4-month-old transgenic animals (Tgl and Tg2) retained their tail but otherwise appeared to have undergone normal
metamorphosis, e.g., their gills regressed and hind limbs developed. The animals eventually died, likely due to partial metamorphosis.

inate the unlikely possibility that the resistance to metamor-
phosis observed with the F, generation F-dnSRC3 transgenic
animals were artifacts of transgenesis, we produced tadpoles
of the F; generation by crossing a male transgenic frog with a
female transgenic frog. The transgenic and wild-type offspring
all developed normally; after reaching premetamorphic stage
54, the transgenic animals were treated with 5 nM T3 together
with their wild-type siblings (as determined by observing eye
color under a fluorescent microscope). Morphological exami-
nations showed that similar to the F,, animals, these transgenic
animals exhibited a resistance to T3 (data not shown). The
T3-treated transgenic tadpoles did not undergo gill resorption
or head remodeling as seen with wild-type animals treated with
T3 and remained essentially like the untreated wild-type ani-
mals (data not shown). In addition, RT-PCR analysis revealed
that the gene induction pattern of T3-responsive genes was
also impaired (data not shown). (It should be pointed out that
different F, animals may have different levels of transgene
expression depending upon whether they received transgene
from the father or mother or both parents. However, under our
experimental conditions, we failed to detect significant dif-
ference among the F, animals, suggesting all had sufficient
F-dnSRC3 to inhibit T3-induced metamorphosis.) Thus, the
T3-resistant phenotype was due to specific inhibition of the
T3 signaling pathway by the F-dnSRC3 transgene.

The dominant negative SRC3 inhibits metamorphosis by
blocking the activation of T3-responsive genes. To investigate
the molecular mechanism by which F-dnSRC3 inhibits meta-
morphosis, we analyzed the expression of known T3 response

genes in wild-type and transgenic animals treated with T3. We
focused our studies on the intestine because it has been studied
extensively at both morphological and molecular levels (56).
We analyzed four early or direct T3-response genes, namely,
TRBA, TH/bZIP, stromelysin-3 (ST3), and sonic hedgehog (xhh)
and a late or indirect T3 response gene, the bone morphogenic
protein 4 gene BMP4 (19, 30, 42, 46, 49, 60). All these genes
are known to be upregulated in the intestine during T3 treat-
ment or natural metamorphosis. As expected, all genes were
induced in the intestine of premetamorphic wild-type tadpoles
treated with T3 (Fig. 8, lanes 1 and 2). On the other hand, little
induction was observed in transgenic tadpoles treated with T3
(Fig. 8, compare lanes 2 and 3). These results indicate that the
F-dnSRC3 interfered with the activation of both early (direct)
and late (indirect) T3 response genes, thereby blocking the
entire metamorphic gene expression program and thus meta-
morphosis as well.

The F-dnSRC3 displaces the endogenous wild-type SRC3
from T3 target promoters without an effect on corepressor re-
lease in the transgenic animals. Based on the expression anal-
yses and the functional studies in the frog oocyte, we hypoth-
esized that the dominant negative SRC3 could compete out the
recruitment of endogenous wild-type coactivators by liganded
TR to target promoters. To test this possibility, we carried out
ChIP assays on two T3-activated promoters, TRBA and TH/
bZIP, in the intestine. We subjected wild-type and F-dnSRC3
transgenic premetamorphic tadpoles at stage 54 to T3 treat-
ment and isolated the nuclei from the intestine for ChIP as-
says. T3 treatment of wild-type animals led to the recruitment
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FIG. 8. Transgenic expression of F-dnSRC3 inhibits gene activa-
tion by T3. Wild-type (WT) and transgenic (Tg) tadpoles at stage 54
were treated with or without 5 nM T3 for 3 days. Total RNA was
isolated from the intestine, and RT-PCR was performed to compare
expression of known T3-regulated genes TRBA, TH/bZIP, ST3, xhh,
and BMP4. The expression of the ribosomal protein L8 gene (1pl8) was
used as an internal control.

of endogenous wild-type SRC3 and increased local acetylation
of histone H4 at the promoters, accompanied by the release of
corepressor SMRT (Fig. 9). In contrast, in the transgenic an-
imals, T3 treatment led to the recruitment of F-dnSRC3 as
shown by ChIP using an antibody against the Flag tag of the
transgenic protein, and there was little increase in binding of
endogenous SRC3 or acetylation level of histone H4 compared
to the untreated wild-type animals (Fig. 9, compare Tg+T3 to
WT). On the other hand, T3-induced release of the corepres-
sor SMRT was expectedly not affected by the transgenic ex-
pression of F-dnSRC3. While the lack of availability of anti-
bodies against other potential TR coactivators prevented the
analysis of their recruitment, our results strongly suggest that
F-dnSRC3 functions by preventing the binding of coactivator
complexes essential for transcriptional activation of T3 target
genes, thereby inhibiting the T3-induced metamorphic gene
expression program and metamorphosis.

DISCUSSION

TRs are dual function transcription factors functioning as
repressors in the absence of T3 and activators in the presence
of T3 (38, 41, 66, 75). Unliganded TR interacts with corepres-
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sors, whereas ligand-bound TR recruits coactivators. Despite
the in depth understanding of the properties and functions of
the various cofactors in gene regulation by TRs, the develop-
mental roles of these cofactors in nuclear receptor function in
vivo largely remain to be explored. Gene knockout mice lack-
ing coactivators sometimes have little or relatively mild phe-
notypes due to cofactor redundancy or embryonic lethal phe-
notypes, thus revealing little information about their roles in
development. In addition, because these cofactors are often in-
volved in multiple transcriptional regulatory pathways, it is dif-
ficult to pinpoint the role of a particular cofactor to a nuclear
hormone receptor even when gene knockout and transgenesis
result in easily identifiable phenotypes, such as mice deficient
in p300, SRC1 to -3, or TRAP220 (21, 32, 33, 69, 72, 73). Here,
we have made use of the total dependence of amphibian meta-
morphosis on T3 as a model to demonstrate for the first time
that gene activation through coactivator recruitment, beyond
derepression via release of corepressors, is required for TR-
dependent developmental processes.

The ability of TR to repress and activate target genes in a
T3-dependent manner and the expression of TR in tadpoles
prior to the synthesis of endogenous T3 have led to a dual-
function model for TR during frog development (52). The
unliganded TR functions to repress T3-inducible genes to pre-
vent precocious metamorphosis. When the animals grow to
critical stages, endogenous T3 is synthesized, converting TR to
an activator. This leads to the activation of the T3-inducible
genes and thus tissue-specific metamorphosis. A role in gene
repression by unliganded TR in premetamorphic tadpoles was
supported by data showing the recruitment of the corepressors
N-CoR, SMRT, and (more recently) TBLR1 to endogenous
T3 response gene promoters in tadpoles and their release
upon T3 treatment of the tadpoles (2, 53, 64). Additional evi-
dence for gene repression involving HDAC complexes in pre-
metamorphic tadpoles has come from the fact that inhibiting
endogenous histone deacetylase activity with the drug tricho-
statin A leads to histone acetylation and activation of T3-
responsive promoters (50, 51, 54). Thus, it is reasonable to
believe that T3-induced release of corepressors when T3 be-
comes available is an important factor in the upregulation of
T3-inducible genes required for metamorphosis. This require-
ment for release of repression by TR has been substantiated
recently by the analyses of transgenic tadpoles overexpressing
a dominant negative TR that can no longer bind T3. These
animals exhibited arrested or delayed metamorphosis (2, 55),
accompanied by the inhibition of T3-dependent gene regula-
tion and the retention of corepressors at T3-regulated promot-
ers (2), supporting the hypothesis that corepressor release is
important for metamorphosis. However, these studies left un-
answered whether activation above derepression is required
for metamorphosis.

Here, we used a dominant negative form of Xenopus SRC3
(F-dnSRC3) overexpressed in transgenic animals to investigate
the function of coactivators during metamorphosis. We showed
that transgenic overexpression of F-dnSRC3 is sufficient to
inhibit all aspects of T3-induced and natural metamorphosis
that we analyzed. At the molecular level, F-dnSRC3 overex-
pression in transgenic tadpoles specifically blocked T3-induced
activation of T3 response genes, e.g., TRBA, TH/bZIP, ST3,
xhh, and BMP4 in tadpoles. In addition, we showed that F-
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FIG. 9. Transgenic F-dnSRC3 competes with endogenous wild-type SRC3 for binding to liganded TR at T3-regulated promoters in the
intestine, leading to reduced histone acetylation, but without an effect on T3-induced corepressor release. Wild-type (WT) and transgenic (Tg)
animals at stage 54 were treated with 10 nM T3 for 2 days. Intestinal nuclei were isolated, and ChIP assays were performed using anti-TR,
anti-SRC3 (for endogenous wild-type SRC3), antiacetylated histone H4, anti-SMRT (for endogenous corepressor SMRT), and anti-Flag (for F-
dnSRC3 transgene) antibodies. The TRE regions of TH/bZIP and TRBA promoters were analyzed by real-time PCR after immunoprecipitation
with the indicated antibodies. Note the reduced level or absence of endogenous SRC3 recruitment and the corresponding histone acetylation in
T3-treated transgenic tadpoles compared to wild-type ones, while no difference in SMRT recruitment was observed.

dnSRC3 is recruited in a T3-dependent manner to target pro-
moters and, more importantly, competes away the recruitment
of endogenous SRC3 to these promoters, leading to reduced
histone acetylation at the promoters. Expectedly, F-dnSRC3
did not interfere with the recruitment of endogenous corepres-
sors such as SMRT by unliganded TR to the T3 target promoter
or their release when T3 is present. Despite the corepressor re-
lease, T3-induced gene upregulation and tissue transformation
were all inhibited in the transgenic animals, indicating that core-
pressor release plays only a minor role in gene regulation by T3
during frog development, contrary to the findings from transcrip-
tion studies with tissue culture cells or frog oocytes.

Even though we have analyzed the recruitment of endoge-
nous SRC3 but not other coactivators due to lack of reagents,
F-dnSRC3 is likely to block the binding of other coactivators
such as SRC1, SRC2, and p300 to TRs, as there is only a single
ligand-induced coactivator-binding site on TRs. Thus, it is not
surprising that F-dnSRC3 blocks metamorphosis in all tissues
or organs examined, by blocking any potential tissue-specific or
ubiquitous coactivator. Furthermore, the phenotypes and gene
expression profiles of transgenic animals expressing F-dnSRC3
are essentially identical under our assay conditions to those of

transgenic animals expressing a dominant negative TR (2, 55).
These would suggest that F-dnSRC3 predominantly affects TR
function during this developmental period. Such a conclusion
may be understandable given the fact that TR is the central
transcription factor for metamorphosis, both necessary and
sufficient for mediating the effects of T3 during metamorphosis
(2, 3). On the other hand, other nuclear hormone or orphan
receptors are also likely to interact with F-dnSRC3. Their
function will likely be inhibited by the transgenic F-dnSRC3 as
well. However, the roles of these other receptors in metamor-
phosis are either unknown or secondary to TR action during
metamorphosis, even in organs where some may participate,
e.g., glucocorticoid receptor in the tail (no ligands for nuclear
receptors other than T3 can induce morphological changes in
premetamorphic tadpoles) (56). Therefore, the unique prop-
erty of the metamorphosis model allowed us to correlate the
developmental phenotypes to specific gene regulation path-
ways affected by F-dnSRC3, i.e., gene regulation by TR involv-
ing coactivators. More importantly, our results demonstrate
that corepressor release is not sufficient for T3 to effect
postembryonic organ remodeling and that coactivator recruit-
ment is also required for the developmental effects of T3 in vivo.
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In summary, while altering coactivator function through
knockouts can lead to developmental defects in mice, the
underlying molecular mechanisms are unknown, due to the
involvement of the cofactors in transcriptional regulation
by many diverse transcription factors and the difficulty in
accessing and manipulating postembryonic development in
mammals. Our use of F-dnSRC3, comprising only the nu-
clear receptor-interacting domain, restricts its effect to nu-
clear receptors. More importantly, the total dependence of the
transformations of different organs and/or tissues on T3 makes
TR the only transcription factor that controls initiation of the
different changes in various organs during this metamorphic
period. This unique situation allowed us to illustrate the first
example where specific developmental defects are caused by al-
terations of specific gene regulation pathways involving nuclear
receptors. Our experiments connected the phenotype of organ
transformation inhibition with the blockade of TR-dependent
gene expression pathways via a mutant dominant negative co-
activator. In addition, while derepression appears to be a major
component of gene activation by T3 in tissue culture cells or
frog oocytes, it does not seem to be critical in developing
animals, as demonstrated here, further underscoring the im-
portance of in vivo experiments in understanding the molecu-
lar mechanisms of nuclear receptor function in development.
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