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and the Na!/PO4
3" cotransporter (NaP) (Ishizuya et

al., 1997b), respectively, and are expressed in the in-
testinal epithelial cells. IFABP mRNA level was down-
regulated after three days of T3 treatment (Fig. 6A)
followed by the recovery of the mRNA level after the
four days or longer (data not shown), corresponding to
the replacement of the larval epithelial cells by the
adult epithelial cells. During this period, TSA alone
had no effects on IFABP mRNA levels. On the other
hand, TSA blocked the downregulation after three days
of T3 treatment (Fig. 6A).

NaP has been shown to be both an early upregulated
and late downregulated T3-response gene (Ishizuya et
al., 1997b). As expected for an early response gene, T3
induced its expression during the first two days of
treatment (Fig. 6A, day 2). TSA alone also increase
NaP transcript level but had no effect on T3-induced
activation (Fig. 6A, day 2). After three days, NaP
mRNA expression was downregulated by T3 as a late
response to the hormone when larval epithelial cell
death took place (Fig. 6A, compare day 2 and 3). Like
IFABP, this downregulation was blocked by TSA (Fig.
6A, day 3).

In addition, our expression studies above (Fig. 3B)
showed that in the intestine, the upregulation of Sin3
and Rpd3 protein levels requires more than two days of
T3 treatment. Thus we studied Sin3 and Rpd3 expres-
sion during T3 and/or TSA treatment by western blot-
ting analysis. Sin3 and Rpd3 showed the same pattern
of expression during the treatment (Fig. 6B). T3 led to
an increase in their protein levels after three days of
treatment. However, TSA blocked this increase. Thus,
TSA blocks a step(s) downstream of transcriptional
regulation by TR in the T3-induced gene regulation
cascade.

DISCUSSION
Amphibian metamorphosis is a post-embryonic pro-

cess controlled by T3. Although it is established that T3
modifies transcription through TRs and many T3-re-
sponse genes have been discovered, the gene regulation
cascade leading to metamorphosis remains to be dis-
sected. Our findings here identify two important steps
in this cascade, both of which are TSA sensitive. The
first step is the repression of T3-response genes by
unliganded TRs during premetamorphosis and the sec-

Fig. 5. Effects of T3 and TSA treatment on early T3-response gene
expression in premetamorphic tadpole intestine. Stage 55 tadpoles were
treated for 2 or 3 days with T3 (5 nM) and/or TSA (100 nM). Total RNA
was extracted from isolated intestine and assayed by PCR for the ex-
pression of TR# and TR$ mRNAs (A) and TH/bZIP, xhh and ST3 mRNAs

(B). The expression of ribosomal protein gene Rpl8 was used as an
internal control. The figure presents one of three independent experi-
ments with different batches of tadpoles. For each group reverse tran-
scription and PCR were carried out twice with similar results.
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ond is downstream of gene activation by T3-bound TRs
during metamorphosis.

TSA treatment leads to an increase in the mRNA
levels of early T3-response genes mRNA level in vivo in
premetamorphic intestine where unliganded TRs are
present. Since unliganded TRs may recruit different
HDACs to target genes (Guenther et al., 2000; Urnov et
al., 2000; Li et al., 2000; Huang et al., 2000; Kao et al.,
2000; Underhill et al., 2000; Jones et al., 2001), TSA is
most likely preventing gene repression through inhibi-
tion of the HDACs recruited by TRs. Although no Rpd3
is detectable in premetamorphic tadpole intestine and
only Rpd3 has been cloned in Xenopus, by measuring
HDAC activity, we have shown that HDAC activity is
present in premetamorphic tadpole intestine and can
be inhibited by TSA. Thus, HDACs are likely involved
during premetamorphic intestinal development by fa-
cilitating gene repression by unliganded TR.

Transcriptional repression by unliganded nuclear
hormone receptors is not unique to TR during amphib-
ian metamorphosis. Studies in other systems such as
flounder metamorphosis (Yamano and Miwa, 1998),
zebrafish development (Essner et al., 1997), mamma-
lian development (Gothe et al., 1999; Gauthier et al.,
1999), as well as in insects (Thornmeyer et al., 1999),
also support the importance of developmental gene re-
pression by unliganded hormone receptors, although

the roles of HDACs in these model systems have not
been characterized.

During amphibian metamorphosis, the binding of T3
to TRs induces the activation of a genetic program
required for tadpole transformation. The first step in
this program is the activation of early T3 response gene
(Shi, 1996). Our results indicate that this initial induc-
tion of gene expression is not sufficient to cause any
morphological transformation since TSA can block
metamorphosis without affecting early gene activation
by T3. More importantly, our studies reveal the exis-
tence of an important step(s) downstream of these
early genes in the T3-induced gene regulation cascade.
This step(s) appears to require the action of histone
deacetylases. Such a conclusion is also consistent with
the upregulation of Sin3 and Rpd3 protein levels as
well as HDAC activity during intestinal remodeling.

Our studies on the expression of late T3-response
genes indicate that the regulation of both up- and
downregulated genes requires a TSA-sensitive step.
This step(s) appears to exist in different organs and is
likely the underlying mechanism for the ability of TSA
to block the entire metamorphic process despite the
contrasting changes that occur in different organs.
Currently, it is not known how T3 affects late gene
expression. It is likely to involve a number of different
signaling pathways (Shi, 1996). Our data suggest that

Fig. 6. TSA blocks the regulation of late T3-response genes in
premetamorphic tadpole intestine. Stage 55 tadpoles were treated with
T3 (5 nM) and/or TSA (100 nM) for the indicated number of days. The
intestine was isolated for mRNA (A) or protein (B) analysis. A) PCR

analysis of the expression of two late downregulated genes, IFABP and
NaP. B) Western blot analysis of two late upregulated genes, Sin3 and
Rpd3. The experiments were done twice with 5 animals/treatment group
and similar results were obtained.
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