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The matrix metalloproteinase (MMP) stromelysin-3 (ST3)
(MMP11)was first isolated as a breast cancer-associated gene and is
expressed in diverse human carcinomas and various developmental
processes involving apoptosis. TheXenopus laevis ST3 is highly up-
regulated by thyroid hormone (T3) during amphibian metamor-
phosis, and its expression is spatially and temporally correlatedwith
apoptosis in different tissues. Furthermore, it has been shown in
vivo and in organ cultures to play a critical role in regulating T3-in-
duced epithelial cell death during intestinalmetamorphosis. Earlier
studies suggest that ST3 is a direct T3 response gene, although a
thyroid hormone response element (TRE) was not found in the ini-
tial analysis of the ST3 promoter. Here, we have identified a strong
TRE consisting of two nearly perfect direct repeats of the consensus
nuclear hormone receptor binding element AGGTCA separated by
4 bp in the first intron of the Xenopus ST3 gene. We show that the
heterodimers of T3 receptor (TR) and 9-cis-retinoic acid receptor
bind to theTREboth in vitro and in vivo in the context of chromatin.
Furthermore, T3 induces strong activation of the promoter through
the intronic TRE. Interestingly, although the unliganded TR/9-cis-
retinoic acid receptor was able to recruit corepressors to the pro-
moter, it had little repressive effect on the promoter in vivo. These
results suggest that the intronic TRE mediates the inductive effect
of T3 and that promoter context plays an important role in gene
repression by unliganded TR.

The matrix metalloproteinases (MMPs)4 are a superfamily of Zn2!-
dependent extracellular or membrane-bound proteinases (1–3). They
are capable of digesting proteinaceous components of the extracellular
matrix (ECM) as well as non-ECMproteins (2, 4, 5) and, thus, can affect
cell fate and behavior through multiple pathways. Extensive analyses
have shown that various MMPs are highly expressed in diverse devel-
opmental and pathological processes where cell fate change and/or cell

migration occurs, consistent with the possible involvement of MMP in
cell function through multiple pathways.
Of particular interest among MMPs is stromelysin-3 (ST3)

(MMP11), which was first isolated as a breast cancer-associated gene
and has since been found to be expressed in diverse human carcinomas
(6–9). In addition, high levels of ST3 mRNA are present in a number of
developmental processes where extensive cell death and tissue remod-
eling take place in mammals (6, 7, 10–13). These results suggest that
ST3 participates in vertebrate development as well as carcinogenesis
and tumor progression, althoughmice lacking ST3were largely normal,
likely due to redundancy in MMP activities (14, 15).
ST3 is secreted as mature enzymes (16), thus lacking one major

mechanism to regulate its activity, i.e. the activation of the proenzymes
(zymogens) through the removal of the propeptide seen for most other
MMPs (17–21). The transcription of the ST3 gene, therefore, plays a
critically important role in regulating the biological function of ST3.
This is especially true considering the strictly controlled expression pro-
files of ST3, whose mRNA is absent in most adult organs in mammals
but is at high levels in a cell type-specific manner during many develop-
mental and pathological processes (see above).
We use amphibian metamorphosis as a model to study the regu-

lation and function of ST3 in postembryonic vertebrate develop-
ment. This process is controlled essentially by a single hormone, the
thyroid hormone (T3), but involves drastically different changes in
different tissues/organs (22, 23). Among the changes are total
resorption of tadpole-specific organs such as the tail and gills, de novo
development of frog-specific organs like the limbs, and remodeling of
the vast majority of the organs into their frog forms. Given the complex
changes, it is not surprising that a number ofMMPs are activated by T3
during metamorphosis in Xenopus laevis and Rana catesbeiana (24–
30). Of special interest is the fact that the expression of theXenopus ST3
but not several otherMMPs correlates tightly with larval or tadpole cell
death (apoptosis) in different organs during metamorphosis (24,
31–34). Furthermore, in situ hybridization analysis showed that, like the
mammalian ST3, the frog ST3 is also expressed specifically in the
fibroblasts, which underlie or surround the apoptotic cells during
metamorphosis (24, 31–34).
To determine how ST3 gene is spatially and temporally regulated by

T3 during frog development, we have previously characterized the pro-
moter of theXenopus ST3 gene (35).We failed to identify any functional
T3 response element (TRE) within 1000 bp upstream of the transcrip-
tion start site even though expression analyses indicates that the ST3
gene is regulated by T3 directly at the transcription level through T3
receptors (TRs) (24, 26, 27). We report here that identification of a
TRE consists of two near perfect direct repeats of AGGTCA sepa-
rated by 4 bp, i.e. a DR4 (direct repeats with a 4-bp spacing) element,
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located in the large first intron. We show that this TRE binds to the
heterodimers of TR and 9-cis-retinoic acid receptor (RXR) in vitro
and in vivo. Furthermore, we demonstrate that it mediates T3 induc-
tion of the ST3 promoter in the context of chromatin in vivo, sug-
gesting that it is responsible for the up-regulation of the ST3 gene by
T3 during metamorphosis.

MATERIALS AND METHODS

Promoter Constructs—The construct bearing the HindIII fragment
of the ST3 promoter ("985 to !25) driving luciferase gene was
described before (35). An EcoRI fragment encompassing the pro-
moter region was subcloned from a ! genomic clone (35). The sub-
clone was sequenced on both strands and found to contain the
sequence from "4340 to !1042, the end of the first exon (35), and an
additional 767 bp of the first intron.
The construct pCR-ST3M1-luc (pM1) for transcriptional assay was

generated through a PCR-mediated mutagenesis strategy. In brief, a
fragment containing the ST3 promoter, the first exon, and the putative
TRE (corresponding to DR4 in Fig. 1) within the first intron was ampli-
fied fromX. laevis genomicDNA in the first PCR reaction (PCR 1) using
primers P46 (bearing AccI, ClaI, and AseI at its 5#-end) and primer P47
(Table 1). A fragment encompassing the junction of the first intron and
the second exon of ST3 genewas amplified fromX. laevis genomicDNA
in a separate PCR reaction (PCR 2) using primers P48 and P49 (Table 1).
Both PCR products were gel-purified, and an aliquot of each was mixed
and subjected to another PCR amplification (PCR 3) with primers P46
and P49 to produce a mutated ST3 promoter fragment (ST3M1)
through the overlapped region in primers P47 and P48. Similarly, a
fragment containing the coding region of firefly luciferase was
amplified from pGL3 DNA (Promega) with primers P50 and P51 in
PCR 4, and a fragment encompassing the SV40 poly(A) signal was
amplified from pST65T-C1 (Clontech) with primers P52 and HA4 in
PCR 5. Both PCR products were gel-purified and mixed together as the
template in PCR 6 with primers P50 and HA4 to fuse the SV40 poly(A)
signal to the end of luciferase gene through the overlapped regions in
primers P50 and P51. Finally, PCR 7 was set up to amplify the entire
expression unit containing the mutated promoter ST3m1 driving the
expression of the luciferase followed by SV40 poly(A) signal (ST3M1-
luc) with primers P46 and HA4 by using mixed aliquots of gel-purified
products of PCR 3 and PCR 6 as the templates through the overlapped
region in primers P49 and P50. All the PCR reactions were performed
with Pfu polymerase (Promega) to minimize mutations during PCR.
The final PCR fragment was ligated into pCR Blunt II TOPO vector
(Invitrogen), transformed into competent Escherichia coli TOP 10

cells, and spread on LB plates containing kanamycin. Clones were
screened by colony PCR with primers P48 and P49. Positive clones
(pM1) were selected to prepare small amounts of DNA and subjected
to sequencing to confirm the sequence.
Deletions were introduced into pM1 through PCR-mediated

mutagenesis strategy as above, with primers P46, P53, P54, and HA4 to
generate pM2, with primers P46, P61, P62, and HA4 to generate pM3,
and with primers P46, P63, P64, and HA4 to generate pM4. A fragment
encompassing"985 to!499 was also amplified fromX. laevis genomic
DNA with primers P46 and P91, digested with SalI, gel-purified, and
inserted into pre-digested (SalI and AfeI double digestion) pM1 DNA
bearing a SalI and a blunt end to produce the construct pW.

Transcription Assay in Xenopus Oocyte—The cytoplasm of stage VI
oocytes from adult X. laevis (Nasco) was injected with 5.75 ng/oocyte
mRNAs for FLAG-tagged TR and RXR (36). The firefly luciferase
reporter under the control of the ST3 promoter (0.33 ng/oocyte) (pW,
pM1, -2, -3, and -4) and the control vector phRG-TK (0.03 ng/oocyte)
(Promega), which contained the Renilla luciferase under the control of
the T3-independent TK promoter, were co-injected into the germinal
vesicle (nucleus) after mRNA injection. After overnight incubation at
18 °C, 6 oocytes per sample were lysed by pipetting in 90 "l of 1$ lysis
buffer from the dual luciferase assay kit (Promega), and 7.5 "l of the
lysate was used for each luciferase assay. Triplicate assays were per-
formed at the same time, and the experiments were repeated three
times. The relative expression of firefly luciferase from the reporter
plasmid to Renilla luciferase from the control plasmid was determined
and reported here.

Gel Mobility Shift Assay—After overnight incubation, stage VI oocytes
injectedwithmRNAs forTR andRXRwere lysed to prepare oocyte extract
for gel mobility shift assay with 32P-labeled double-stranded oligonucleo-
tidesDR2,DR4, orDR6 in the presence or absence of unlabeled competitor
double-stranded oligonucleotides as described (37). The oligonucleotides
used were (with the direct repeats in bold letters) ST3TRE1A (5#-AGCT-
GAAGGTCAGTTAAGGTGAGA-3#) and ST3TRE1B (5#-AGCTTCT-
CACCTTAACTGACCTTC-3#) for DR4, ST3TRE2A (5#-AGCTTCAG-
GTGAACAGGACACC-3#) and ST3TRE2B (5#-AGCTGGTGTCCT-
GTTCACCTGA-3#) for DR2, and ST3TRE3A (5#-AGCTCGAGGT-
CAGGGAACAGGTAAGC-3#) and ST3TRE3B (5#-AGCTGCTTAC-
CTGTTCCCTGACCTCG-3#) for DR6.

Chromatin Immunoprecipitation (ChIP)—The ChIP assay on oocyte
samples for TR binding or the recruitment of corepressors was done as
described (36, 38). TheprecipitatedDNAwasPCR-amplifiedwith thePCR
primers 5#-CAG CAC AGA ATC CAG GTA AG-3# (forward) and 5#-
CAA ACC CTA ACC ACC GCT TA-3# (reverse). Note that the forward

TABLE 1
Primers used in preparing promoter constructs
Italic letters indicate restriction enzyme recognition sequences, and bold letters indicate DR4 sequences (Fig. 1B).

Primer Sequence (5" to 3")
P46 5#-GTC GAC ATC GAT TAA TGC TTA AAG TTA TTA GTG ATC CAG G-3#
P47 5#-GGT AGG GCC TGG GTT TTC AAG TGT ATC TAC C-3#
P48 5#-GGT AGA TAC ACT TGA AAA CCC AGG CCC TAC CGC ACA TAT AGA ATA GA-3#
P49 5#-ACC GGT AGC GCT CCT TTA TAT GAG GAT AAT GTA ATG-3#
P50 5#-CAT TAC ATT ATC CTC ATA TAA AGG AGC GCT ACC GGT ACT GTT GGT AAA GCC ACC A-3#
P51 5#-GAA TTC AGA TCT TAC ACG GCG ATC TTT CCG CCC TTC-3#
P52 5#-CGG AAA GAT CGC CGT GTA AGA TCT GAA TTC TGA TCA TAA TCA GCC ATA CCA CAT-3#
HA4 5#-CTA TAG AAT GCA GTG AAA AAA ATG C-3#
P53 5#-TGC TGA AGG TAC TCC TCT CTG CCT TTT GTT CTC-3#
P54 5#-GAG AAC AAA AGG CAG AGA GGA GTA CCT TCA GCA CAG AAT CCA GGT AAG-3#
P61 5#-TGC TGA AGG GCG GAG GAG CTG TCC GGT GCT-3#
P62 5#-GAC AGC TCC TCC GCC CTT CAG CAC AGA ATC CAG GTA AG-3#
P63 5#-CTA TCT ACC TCA AAT CTC ACC TTA ACT GAC CTT CAG GCT GAA CCC CCC TA GCG GAG GAG CTG TCC GGT GCT-3#
P64 5#-TAA GGT GAG ATT TGA GGT AGA TAC AGC GCT ACC GGT ACT GTT GGT AAA GCC ACC A-3#
P91 5#-GCT TTG ATG TAG TCC TTT GTT CCA-3#
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and reverse primers recognize ST3 promoter and pGL2 vector sequences
in pW, respectively, thus amplifying only the plasmid DNA rather than
genomic DNA of the oocyte. Amplified DNAwas loaded onto a 2% agar-
ose gel and visualized by ethidium bromide staining after electrophore-
sis. To quantitatively analyze the precipitated DNA, the samples were
assayed by quantitative PCR on anABI 7000 (Applied Biosystems) using
6-carboxyfluorescein-labeled TaqMan probes (Applied Biosystems)

(39). The primers and probe for the ST3 TRE region were 5#-ACACTC
ACC CTA CAG CTT GTG-3# (forward primer), 5#-CCA AGT ACA
CAC AGT GCA GGT A-3# (reverse primer), and 5#- AAG GAT GAG
GAG ATG CAT TC-3# (probe) (labeled with reporter dye 6-carboxy-
fluorescein and reporter nonfluorescent quencher).

RT-PCR—Total RNA from injected oocytes was extracted with
TRIzol reagent according to the manufacturer’s instructions (Invitro-

FIGURE 1. Organization of the ST3 promoter
region and location of the putative hormone
response elements. A, schematic diagram of ST3
gene. There are 3 putative hormone response ele-
ments (DR2, DR4, and DR6) flanking the two tran-
scription start sites (arrows) with the major one at
"94 and minor one at !1 (35), among which DR6
and DR2 are upstream of the transcription start
sites, while DR4 is in the first intron of the ST3
gene. E, EcoRI recognition site; H, HindIII recogni-
tion site; E1 and E2, the first and second exon,
respectively. B, sequences of the putative hor-
mone response elements. Bold letters represent
the half-site of each element in the direct repeats,
and the faded letters represent the spacer
sequences. The numbers are the relative position
to the transcription start site (!1). C, sequences of
the promoter region, exon 1, and 5#-end of intron
1 of X. laevis ST3 gene. The two transcription start
sites are indicated by arrows, and the sequence of
the first exon is underlined. Boxed sequences are
putative TATA boxes, and italic bold letters repre-
sent the DR4 element. The GAGA factor binding
sites known to be important for promoter func-
tion (35) are indicated by asterisks. D, sequences
around the junction of intron 1 and exon 2. The
first nucleotide of the exon 2 is denoted as 1E2,
and the last nucleotide of the first intron is
denoted as "1I. The exon sequence is underlined.
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gen). The RNA was treated with RNase-free DNase I (Ambion, Texas)
to remove any DNA contamination and re-purified with TRIzol rea-
gent. RT-PCR was performed by using Superscript One-Step RT-PCR
(Invitrogen) by using 0.1 "g of total RNA as described (40). The primer
pair (forward, 5#-CCTTCAGCACAGAATCCAG-3# (corresponding
to the end of exon 1 of the ST3 gene), and reverse, 5#-CTT TTT GGA
AACGAA CAC CACG-3# (located in firefly luciferase coding region))
was used in RT-PCR for detecting spliced RNA generated from the
transcripts of ST3 promoter constructs. When indicated, the primer
pair 5#-GCGAAGAGGGCGAGAAAATG-3# (forward) and 5#-TAGT-
TGCGGACAATCTGGACG-3# (reverse) forRenilla luciferasewas also
included in the RT-PCR as an internal control. The RT-PCR products
were run on a 2% agarose gel, visualized with ethidium bromide staining
under UV lights, and photographed with a Kodak imaging system (Gel
Logic 100 Imaging System, Eastman Kodak Co.).

RESULTS

A DR4-type TRE Is Located Downstream of the First Exon of ST3
Gene—In our previous transfection studies of the ST3 promoter in
tissue culture cells, we failed to detect significant T3 induction of the
promoter with constructs that included sequences from more than 4
kilobases upstream (to the EcoRI site, Fig. 1A) to about 500 bp down-
stream (toHindIII site, Fig. 1A) of the transcription start site (35). These
results may suggest either that the TRE in the ST3 gene is located
upstream of "4000 or downstream of !500 or that the ST3 gene is not
a direct T3 response gene despite the apparent resistance of its up-reg-
ulation by T3 treatment to protein synthesis inhibition (26, 27). Alter-

natively, a TRE may be present but too far away from the start site to
have a significant effect on the promoter activity in the transient trans-
fection assay in tissue culture cells (possibly due to the lack of proper
chromatin organization that is normally present in somatic cells). Thus,
we sequenced a genomic subclone containing the 5 kilobases EcoRI
fragment flanking the transcription start site as well as the region pre-
ceding exon 2 (Fig. 1, A–D, GenBankTM accession number AF019253).
Because DNA elements made of two direct repeats or inverted repeats
of AGGTCA or highly related sequences are known to be binding sites
for nuclear hormone receptors, we searched for such sequences and
identified 3 DNA elements made of two near perfect direct repeats of
AGGTCA separated by 2, 4, or 6 bp (DR2, DR4, DR6), respectively (Fig.
1B andC). TheDR2 andDR6 elements are located upstreamof the start
site (not shown), and the DR4 is located downstream of the start site
within the first intron and about 3.3 kilobases away from intron 1/exon
2 junction (Fig. 1, C and D) (35).
Because DNA elements of DR4 type are known to bind to TR/RXR

heterodimers strongly, we investigated whether the DR elements in
the ST3 gene were capable of binding to TR/RXR. Thus, we micro-
injected mRNAs for TR and RXR into the frog oocytes and isolated
oocyte extract after overnight incubation to allow the synthesis of
the receptors. Gel mobility shift assay with the oocyte extracts and
32P-labeled double-stranded oligonucleotides containing the DR2,
DR4, and DR6 sequences of the ST3 gene revealed that DR4 bound to
TR/RXR heterodimer strongly, whereas no significant binding was
detected with the DR2 and DR6 elements (Fig. 2A). To further inves-
tigate the binding of these DR elements to TR/RXR, 32P-labeled DR4

FIGURE 2. DR4 but not DR2 or DR6 element in
ST3 gene binds to TR/RXR complex in gel shift
assay. A, labeled DR2, DR4, and DR6 elements
were incubated with oocyte extract containing
overexpressed TR/RXR, and the resulting mixtures
was analyzed on a nondenaturing polyacrylamide
gel. Note that only DR4 formed a stable complex
with TR/RXR. B, specific competition for TR/RXR
binding by ST3 DR4 element. Labeled ST3 DR4 ele-
ment was incubated with TR/RXR extract in the
presence of a 0, 5, 25, or 50-fold excess of indi-
cated unlabeled competitors. The resulting mix-
ture was analyzed as above. Note that only the
upper band representing the DR4-TR#RXR complex
as seen in A was shown here. TR# TRE and TR#
mTRE were wild type and mutant TRE (DR4 type)
from the T3 regulated X. laevis TR#A gene pro-
moter, respectively (41).
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TRE of the ST3 gene was incubated with oocyte extracts in the pres-
ence of unlabeled double-stranded oligonucleotide competitors, and
the resulting mixtures were analyzed by gel mobility shift assay. The
results showed that the DR4-TR#RXR complex was not competed by
as much as a 50-fold excess of a mutated version of the TRE oligo-
nucleotide derived from the T3-inducible promoter of the X. laevis
TR#A (37) (Fig. 2B, lanes 3–5) or the DR2 or DR6 oligonucleotide
(Fig. 2B, lanes 6–11). On the other hand, the complex was competed
by unlabeled DR4 oligonucleotide (Fig. 2B, lanes 15–17) as efficiently
as by the TRE of the X. laevis TR#A promoter (Fig. 2B, lanes 12–14),
a well characterized strong TRE of the DR4 type (41), consistent with
the fact that both the DR4 TRE and TR#A TRE differ by only one
nucleotide from the consensus TRE (two direct repeats of AGGTCA
separated by 4 bp). These results suggest that the DR4 sequence of
the ST3 gene is likely the element mediating the induction of the
promoter by T3 through strong binding to TR/RXR.

The ST3 Promoter Responds to Liganded TR/RXR in Vivo—Although
our previous transfection studies of the ST3 promoter in a frog tissue
culture cells failed to show aT3 response evenwith a construct contain-
ing theDR4 sequence (35), it was possibly due to either that theTR/RXR
levels in the cells were too low or to the lack of proper chromatin struc-
ture in the reporter plasmid in transiently transfected cells. Thus, we

chose the Xenopus oocyte system to study the ST3 promoter. The frog
oocyte has a large storage of all factors necessary for early embryo devel-
opment but has little or no TR and RXR. This allows one to introduce
TR and/or RXR by microinjecting their mRNAs to reconstitute a T3
responsive in vivo transcription system (37). Furthermore, any reporter
plasmid injected into the frog oocyte nucleuswill be chromatinizedwith
a regular array of nucleosomes, thus enabling the study of gene regula-
tion by TR/RXR in the context of chromatin (42).
To study the regulation of ST3 promoter in the frog oocyte, we placed

the ST3 promoter from "985 to !499, containing the first exon and
part of the first intron (!276 to !499) that included the DR4 TRE at
!389 to !404, in front of the firefly luciferase reporter gene (construct
pW, Fig. 3A). We introduced FLAG-tagged TR and RXR into frog
oocyte by microinjecting their mRNAs into the cytoplasm. Two hours
later the firefly luciferase reporter plasmid and an internal control plas-
mid, which contained the Renilla luciferase under the control of the
T3-independent TK promoter, were coinjected into the oocyte
nucleus. After overnight incubation in the presence or absence of T3,
the oocytes were collected to assay for the activities of the firefly
luciferase over those of the Renilla luciferase. The results showed
that the expression of TR/RXR in the absence of T3 had little or a
small repressive effect on the promoter activity (Fig. 3B), but the

FIGURE 3. T3 up-regulates the ST3 promoter containing the DR4 element in vivo in the context of chromatin. A, schematic diagram of the reporter construct pW with the firefly
luciferase reporter gene under the control of the ST3 promoter containing the putative TRE. The arrows indicate the two transcription start sites. E1, exon 1. B, TR/RXR heterodimer
activates ST3 promoter in the presence of T3. The pW construct was coinjected with the internal control plasmid phRG-TK driving the expression of Renilla luciferase into the nuclei
of the oocytes with or without prior microinjection of mRNAs for FLAG-tagged TR and RXR (TR/RXR) into the cytoplasm. The oocytes were incubated at 18 °C overnight in the presence
or absence of 100 nM T3 and then subjected to dual luciferase assay. The firefly luciferase activity (F) over the Renilla luciferase activity (R) for each sample, i.e. F/R, was measured and
plotted here with the F/R for the oocytes without TR/RXR mRNA microinjection or T3 incubation set to 1 (the actual firefly luciferase activity ranged from 10,000 to 60,000 in different
oocyte samples with the background of about 200). C, RT-PCR demonstrates the up-regulation of the reporter mRNA (firefly luciferase (F-luc)) by TR/RXR plus T3. Some of the oocytes
as in B were subjected to total RNA isolation. The RNA was made DNA-free and analyzed by RT-PCR for the mRNA levels of firefly luciferase driven by the ST3 promoter. A pair of primers
specific for the Renilla luciferase mRNA (R-luc) driven by the coinjected internal control plasmid were included in these RT-PCR reactions. Plasmid DNA pW (lane 4) and phRG-TK (lane
5) were used in PCR reactions as positive controls for Renilla luciferase and firefly luciferase PCR. Note that although the Renilla luciferase transcripts from the T3-independent TK
promoter were similar in the presence or absence of TR/RXR and/or T3 (lane 1-3), the firefly luciferase mRNA driving the ST3 promoter was up-regulated in the presence of T3 and
TR/RXR (compare lane 3 to lanes 1 and 2).
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addition of T3 led to strong activation of the promoter, consistent
with the presence of a strong TRE in the promoter. Furthermore,
when total RNA was isolated from the oocytes and subjected to
RT-PCR analysis, we found again that TR/RXR had little effect on the
reporter firefly luciferase mRNA level in the absence of T3 (compare
lanes 2 to 1, Fig. 3C) but strongly increased it when T3 is present
(compares lane 3 to 1 or 2, Fig. 3C). In contrast, the mRNA level of
the internal control Renilla luciferase was not affected by either
TR/RXR and/or T3 (Fig. 3C). These results indicate that liganded
TR/RXR activates the ST3 promoter in in vivo.

TR Binds to the TRE in Vivo and Recruits Corepressors to the ST3
Promoter in the Absence of T3—We and others have shown previously
that unliganded TR/RXR heterodimers repress TRE-containing pro-
moter in the absence of T3 in the frog oocytes by binding to these
promoters and recruiting corepressors N-CoR, SMRT, and their asso-
ciated cofactor TBLR1 (36, 43–45). The lack of significant repression of
the ST3 promoter by unliganded TR/RXR prompted us to investigate
whether TR/RXR was bound to the ST3 TRE in the absence of T3
and/or recruited corepressors to the promoter. Thus, oocytes were
injected with TR/RXR mRNA and the luciferase plasmids. After over-
night incubation with or without T3, oocytes were isolated, and ChIP
assay was carried out on the plasmid minichromosome with antibodies
against the FLAG tag of the TR, endogenous N-CoR, or TBLR1. PCR
analysis of the precipitated DNA revealed that the anti-FLAG antibody
brought down little ST3 TRE region of the reporter plasmid in the
absence of injected FLAG-taggedTR andRXR (Fig. 4). Expression of the
FLAG-tagged TR and RXR led to dramatically increased amounts of
ST3 TREDNA immunoprecipitated by the anti-FLAG antibody both in
the presence and absence of T3, indicating that TR/RXR bound to the
TRE independently of T3.
When ChIP assay was carried out with anti-N-CoR and TBLR1 anti-

bodies, we found that there was little association of either N-CoR or
TBLR1with the ST3TRE in the absence of injectedTR/RXR (Fig. 4). On
the other hand, the expression of TR/RXR led to enhanced binding of
N-CoR and TBLR1 to the ST3 TRE in the absence of T3, and the addi-
tion of T3 resulted in their dissociation from the TRE. Thus, unliganded
TR/RXR bound to the TRE in the absence of T3 and recruited corepres-
sors N-CoR and TBLR1 to the TRE even though relatively little repres-
sion of the promoter was observed.

Intronic TRE Is Capable of Mediating the Effects of T3—During the
above studies we noticed that the absolute activity of the firefly lucifer-
ase was very low compared with that we observed with the T3-depend-
ent TR#Apromoter driving the firefly luciferase (using the sameRenilla
luciferase vector as the internal control) (data not shown). This suggests
possible translational inhibition by the long 5#-UTR and/or the intronic
sequence present in the transcribed RNA. In addition, the low level of
the basal promoter activitymightmake it difficult to observe any repres-
sion of the promoter by unliganded TR/RXR. Furthermore, the pro-
moter construct above had the luciferase coding region linked to the
intron sequence downstream of the TRE, thus lacking the exon-intron
(TRE)-exon organization seen in the genomic ST3 gene. To investigate
whether the presence of the TRE in the intronic sequence affects the
promoter activity and/or regulation by TR/RXR, we generated several
additional promoter constructs. Because the first intron ismore than 3.4
kilobases in length (35), we removed most of the intron but kept 160 bp
of the 5#-end of the intron that also included the TRE and 115 bp of the
3#-end of the intron plus 64 bp of the exon 2 (see Fig. 1, C and D, for
sequences) to ensure proper splicing. This resulted in the construct
(pM1) that would produce a transcript with 738 bases (from the
upstream, major transcription start site at the position "94) (35) of
5#-UTR before splicing and 463 bases after splicing (Fig. 5A). Two addi-
tional constructs with shorter 5#-UTRs were also made, one with the
minor transcription start site at !1 position (35) and part of the exon 1
deleted (pM2) and the other with part of the exon 1 deleted but con-
taining both transcription start sites (pM3). Finally, a deletion construct
wasmade to removemost of the exon 1 and part of the intron before the
TRE (pM4). This would produce a transcript that would not undergo
splicing but with a 199-base 5#-UTR (pM4, Fig. 5A).

The transcriptional activities of these constructs were assayed as
above in the oocytes. The constructs were injected into frog oocyte
nuclei, and the resulting luciferase activity in the oocytes was assayed
after overnight incubation. The results showed thatwhereas the original
construct (pW) had a very low level of basal activity (i.e. the activity in
the absence of expressed TR/RXR and/or T3 treatment), all new con-
structs had much higher basal activity (Fig. 5B), suggesting that a long
5#-UTR in the transcript from the pWconstruct inhibited translation in
the oocyte. The results also showed that the deletion of the minor tran-
scription start site at the !1 position (pM2) did not affect the overall

FIGURE 4. TR/RXR binds to the DR4 element in vivo and recruits corepressors to the promoter in the absence of T3. A, oocytes were injected with or without FLAG-tagged TR
(F-TR)/RXR and the reporter plasmids and incubated with or without T3 as in Fig. 3. The oocytes were then subjected to ChIP assay using antibodies against the FLAG tag in TR,
endogenous N-CoR, or TBLR1. The immunoprecipitates were subjected to PCR with a primer pair flanking the DR4 region to determine the presence of the DR4 TRE sequence. The
PCR products were analyzed by agarose gel electrophoresis and visualized with ethidium bromide staining. Oocytes were injected and incubated with or without T3. Aliquots of DNA
before antibody immunoprecipitation were amplified as the Input control to show the amounts of DNA in different samples. B, quantitative PCR analysis of the ChIP samples as shown
in A. The immunoprecipitated and the Input control DNA as shown in A was analyzed by real-time PCR. The ratio of the precipitated DNA by each antibody to the corresponding Input
control is shown here with the ratio in lane 1 set to 1. The results shown here represent the sum of the data from three independent experiments carried out on different days. Note
that TR bound to the promoter constitutively (lanes 2 and 3) and recruited N-CoR and TBLR1 in the absence of T3 (lane 2). The addition of T3 dissociated the corepressors (lane 3).
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FIGURE 5. Intronic TRE mediates T3 regulation of the ST3 promoter. A, schematic diagram of mutant ST3 promoter constructs. Deletions were introduced into the first intron
and/or the first exon of the ST3 gene to produce pM1, pM2, and pM3, all of which contained regions flanking the intron 1/exon 2 junction to allow proper splicing of the primary
transcripts. The construct pM4 had an internal deletion in exon 1 and truncation of the first intron. The transcripts from constructs pW and pM4 should not undergo splicing. The total
5#-UTR nucleotide lengths (nt) (from the major start site at "94) before and after (if applicable) splicing are shown. N/A, not applicable. B, the 5#-UTR from pW inhibits translation. The
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promoter activity, in agreement with our earlier finding in tissue culture
cells (35).
To investigate whether the RNA from the various constructs under-

went appropriate splicing as intended, the RNA was isolated from the
injected oocytes and subjected to RT-PCR analyses with one primer
near the 3#-end of exon 1 and the other near the 5#-end of the luciferase-
coding region. As shown in Fig. 5C, RT-PCR analysis of the transcript
revealed that the RNA from the pW construct gave a band of identical
size as that from PCR of the plasmid DNA itself, indicating the lack of
splicing. On the other hand, the transcripts from pM1-M3 produced
both the band identical to that from PCR of the plasmid DNA and a
shorter PCR product of expected size from splicing of the primary tran-
script (pM4 was not analyzed since the 3#-end of the exon 1, where the
first PCR primer was located, was deleted in this construct). Thus, the
primary transcripts underwent the expected splicing. The results fur-
ther showed that although the luciferase activity from the pWconstruct
was much lower than those from pM1-pM3 (Fig. 5B), the transcript
level was similar based on this semiquantitative RT-PCR analysis (Fig.
5C), supporting the conclusion that 5#-UTR in the transcript from pW
inhibited translation of the RNA in the oocyte.
To determine whether the regulation of the promoter by TR/RXR

varies among different constructs, the plasmids were injected into the
nuclei of oocytes preinjected with mRNAs for TR and RXR as above.
After overnight incubation in the presence or absence of T3, the oocytes
were harvested for luciferase activity measurement. As shown in Fig.
5D, all promoter constructs except pM4 behaved similarly. That is, the
unliganded TR/RXR had little or a small repressive effect on the pro-
moter activity whereas the addition of T3 led to strong but similar acti-
vation of the promoter in all constructs. The exception was the pM4
construct, which had the highest activity in the presence of T3-bound
TR/RXR. Because the TRE in pM4 is closest to the major transcription
start site compared with the other promoter constructs, these results
may suggest that TRE location can affect the regulation of the promoter
by TR/RXR. Regardless, the results indicate that the location of the TRE
in either the intron or exon does not affect the regulation of the pro-
moter by TR/RXR.

DISCUSSION

The expression of MMP genes is tightly regulated. In adult verte-
brates, MMPs genes are usually not expressed or are expressed at only
low levels in most normal organs/tissues, possibly due to the potential
deleterious effects of their enzymatic activity. On the other hand, many
MMPs are highly up-regulated during developmental and pathological
processes. This makes the regulation of MMP expression a critical
aspect of regulating MMP function. The X. laevis ST3 was initially iso-
lated as a highly up-regulated, direct T3 response gene during amphib-
ian metamorphosis (24, 26, 27). The tight correlation of its expression
with apoptosis in different tissues during metamorphosis (24, 31–34)
and the functional requirement for ST3 for T3-induced intestinal cell
death (46, 47) make it critical to understand how T3 regulates the tran-
scription of this important MMP gene during development. Here we

provide evidence to show that this up-regulation by T3 is mediated by a
strong TRE in the first intron of the ST3 gene.
Through sequence analysis, we identified three putative nuclear

hormone receptor binding sites consisting of two direct repeats of
AGGTCA sequence with 2-, 4-, and 6-bp spacing or DR2, DR4, and
DR6, respectively. Because TRs are known to bind to DR4 type of DNA
sequences, it is not surprising that the Xenopus TR/RXR binds strongly
to the ST3 DR4 but not DR2 or DR6. Furthermore, the ST3 DR4 has
only a single bp change from the consensus TRE, suggesting that it is a
strong TRE. Consistently, we showed that TR/RXR binds to this TRE
with similar affinity as to another well characterized strong TRE, the
DR4 typeTRE from theT3-inducibleX. laevisTR#Agene.More impor-
tantly, by using chromatin immunoprecipitation assay, we demon-
strated that TR/RXR binds to the TRE in the context of chromatin
in vivo independently of T3 and activates the promoter in the presence
of T3. It is worth pointing out that the TR/RXR mRNA levels in the
injected oocytes are higher than those in metamorphosing tissues (data
not shown), although currently it is difficult to quantify the receptor
protein levels. A few lines of evidence argue that TR/RXRwould be able
to bind to the ST3 TRE in vivo during metamorphosis. First, our oocyte
study is very similar to studies in tissue culture cells where TR or other
transcription factors are normally overexpressed through transfection,
and the conclusions in tissue cultures are generally supported by more
recent studies on endogenous genes in cell cultures. Second and more
importantly, the TRE in the ST3 gene has similar affinity for TR as the
TRE in the TR#A gene.We have shown by ChIP assay that endogenous
TR is bound to the TR#ATRE in different tadpole organs during devel-
opment (48), although cell type-specific expression of ST3 genemakes it
difficult to do similar ChIP assays on animal tissues at the present.
It is interesting to note that the ST3 promoter was not repressed

significantly by unligandedTR/RXR in vivo. Under the same conditions,
the T3-inducible promoter of TR#A gene, which has a nearly identical
DR4 TRE with similar binding affinity to TR/RXR as the TRE in ST3
gene and is also located downstream of the transcription start site (41,
42), is repressed dramatically by unliganded TR/RXR (36, 42). A major
difference between the two promoters is that the TRE in the ST3 gene is
located in the first intron, whereas the TR#ATRE is in the first exon. In
addition, the TRE in the ST3 gene is further away from the transcription
start site. However, our mutational and deletion analyses indicate that
the location of theTRE in the intron or exon and the distance of theTRE
to the start site have no effect on the inability of the unligandedTR/RXR
to repress the ST3 promoter. This suggests that promoter context may
play a critical role in the ability of unligandedTR/RXR repress transcrip-
tion. Our result here is also consistent with our earlier studies in devel-
oping animals. There, we overexpressedTR/RXR in developingX. laevis
embryos through microinjection of their mRNAs into fertilized eggs.
When the developing embryos were treated with T3, the endogenous
ST3 gene was highly up-regulated, whereas we failed to observe signif-
icant repression of the gene in the absence of T3 (49). These data
together indicate that unliganded TR/RXR has limited, if any, ability to
repress the ST3 gene in vivo in the absence of T3.

constructs in A were co-injected with phRG-TK DNA into the nuclei of the oocytes. The oocytes were incubated at 18 °C in an incubator overnight and isolated for dual luciferase assay.
The firefly luciferase activity over Renilla luciferase (F/R) from the construct pW was denoted as 1, and the F/R ratios from other constructs were normalized accordingly. Note that all
mutated promoter constructs had much higher activity than pW, suggesting that the long 5#-UTR from pW inhibited translation. C, the primary transcripts from pM1, pM2, and pM3
undergo proper splicing in the oocyte. The plasmids pW, pM1, pM2, and pM3 were injected into oocyte nucleus. The oocytes were incubated at 18 °C. Total RNA was then isolated
from the oocytes and subjected to RT-PCR analysis. The plasmid DNA for each construct was also amplified for comparison. The bands designated as S and US correspond to spliced
and unspliced RNA transcripts, respectively. D, DNA template; R, RNA template. D, all promoter constructs containing TRE respond to T3 similarly. The promoter constructs were
coinjected with phRG-TK DNA into the nuclei of the oocytes with or without prior microinjection of FLAG-tagged TR (F-TR)/RXR mRNAs into the cytoplasm. The oocytes were
incubated at 18 °C overnight in the presence or absence of 100 nM T3 and then isolated for dual luciferase assay. The ratio of the firefly luciferase activity (F) over that of the Renilla
luciferase (R) for each sample was normalized again from the oocytes without F-TR/RXR mRNA microinjection or T3 incubation for each promoter construct separately (vertical axis).
Note that for all constructs TR/RXR had little or a small repressive effect in the absence of T3 but activated strongly and similarly in the presence of T3. The exception was pM4, which
had about 4-fold higher activity, possibly due to the fact that the TRE in this construct is the closest to the transcription start sites.
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As in X. laevis, the ST3 gene is also tightly regulated temporally and
spatially in mammals. Both the frog and mammalian genes are specifi-
cally expressed in fibroblastic cells during developmental and/or path-
ological processes. This raises the possibility of the presence of con-
served regulator sequences in the ST3 genes. Indeed, a DR4 type of TRE
has been found at about 550 bp upstream of the transcription start site
in mouse ST3 gene (50). In addition, both mouse and human ST3 genes
contain the DR1 and/or DR2 type of retinoic acid response elements,
and both are activated by retinoic acid (50, 51). Interestingly, a near
perfect DR2 retinoic acid response element (RARE) (with only a 1-bp
difference from the consensus DR2 RAREs made of two direct
repeats of AGGTCA with 2-bp spacing; Fig. 1B) is present upstream
of the transcription start site of the Xenopus ST3 promoter. This
suggests that retinoic acid may also regulate ST3 expression in X.
laevis. Because retinoic acid receptors are known to be present dur-
ing X. laevis embryogenesis when ST3 is highly expressed, especially
during the period shortly before hatching (24, 37, 52), it is tempting
to speculate that retinoic acid may regulate ST3 expression during X.
laevis embryogenesis.

In summary, through sequence analysis we have identified several
DNA elements consisting of two direct repeats of AGGTCA, the core
sequence ofmany nuclear hormone response elements.We have shown
that the DR4 element functions as a strong TRE in vivo in the context of
chromatin both when present in the exon or in the intron, where it is
located in the genome. Our ChIP assay directly demonstrated that TR
binds to the DR4 in vivo. Although unliganded TR can recruit corepres-
sors to the promoter, it has little effect on the transcription of the pro-
moter in the frog oocyte model system. This result is similar to that we
observed previously in developing animals, suggesting the promoter
context affects gene repression by unliganded TR. Although currently it
is unknown if the DR6 element can be recognized by any transcription
factors, theDR2 element is likely to function as an retinoic acid response
element, possibly allowing retinoic acid to regulate this promoter during
Xenopus embryogenesis. It would be interesting to investigate this pos-
sibility directly both in developing animals and in model systems in the
future.
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