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ABSTRACT

The thyroid hormone L-Tj elicits either a stimulatory or an inhib-
itory effect on expression of the Na,K-adenosine triphosphatase a3-
subunit gene in primary cultures of neonatal rat cardiac myocytes.
The present study was undertaken to characterize a negative thyroid
hormone response element present within the rat Na,K-adenosine
triphosphatase a3-subunit gene proximal promoter. Transient trans-
fection assays indicated that the DNA-binding domain of thyroid
hormone receptor was essential for mediating repression of a3 gene
transcription by thyroid hormone. This negative effect of thyroid
hormone was enhanced in the presence of cotransfected retinoid X

receptor and its ligand 9-cis-retinoic acid. Inhibition of @3 chimeric
gene expression by thyroid hormone was dependent on the initial cell
plating density. The negative thyroid hormone response element was
localized to a region between nucleotides —68 to —6 of the a3 gene.
Electrophoretic mobility shift assays showed that thyroid hormone
receptor binds in a synergistic manner as a heterodimer with retinoid
X receptor to two sites at positions —62 to —41 and —39 to —17 of the
a3 gene promoter. The upstream and downstream heterodimer bind-
ing sites coexist with CAAT and TATA elements, respectively. (En-
docrinology 139: 3423-3431, 1998)

a,K-ADENOSINE triphosphatase (Na,K-ATPase) is a
membrane-associated enzyme that catalyzes trans-
port of Na* and K" ions across the plasma membrane of all
animal cells (1). The activity of Na,K-ATPase is integral for
the establishment of an electrochemical gradient, which is
essential for maintaining the resting potential, cell volume,
and osmotic balance (2). As the only known receptor for
cardiac glycosides such as ouabain and digitalis, Na,K-AT-
Pase is a target for treatment of congestive heart failure and
cardiac arrhythmias (3). Na,K-ATPase consists of two sub-
units, « and B, and each subunit has several isoforms (4).
Expression of aisoform genes a1, a2, and a3 is tissue specific.
In the adult rat, for instance, a1 subunit expression is nearly
constitutive, whereas the a2 isoform is mainly present in
neural and muscle tissue. Na,K-ATPase a3-subunit is limited
primarily to neural tissues. Major changes in Na,K-ATPase
a isoform content also occur during development. For ex-
ample, ol is constitutively expressed throughout develop-
ment in rat heart. In contrast, a2 is predominantly found in
adult heart, whereas a3 is selectively up-regulated in fetal
and neonatal myocardium (5). In addition, each « isoform
exhibits differential ouabain sensitivity and affinity for Na*
ions (6).
Regulation of Na,K-ATPase activity and subunit gene ex-
pression has been of great interest because of its vital phys-
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iological and therapeutic significance. L-T; is the major active
form of thyroid hormone and stimulates Na,K-ATPase ac-
tivity and isoform messenger RNA (mRNA) content in a
variety of mammalian tissues (7-9). Both transcriptional and
posttranscriptional mechanisms have been implicated in the
regulation of Na,K-ATPase subunit gene expression by Tj (8,
10-13). T; regulation of Na,K-ATPase a3 subunit gene ex-
pression has been studied in primary cultures of neonatal rat
cardiac myocytes. In this cell culture system, Kamitani et al.
(11) observed a 3-fold stimulation of @3 mRNA content by T
at 1 day and a 50% decrease with prolonged exposure to
hormone. Furthermore, in this study, a 2.6-kb (—2500/ +136)
portion of the a3 gene conferred a 3-fold stimulation of
reporter gene expression in transient transfection assays (11).
In contrast, we found that the region between nucleotides
—116 to —6 of the a3 gene promoter suppressed chimeric
gene expression about 50% in primary cultures of cardiac
myocytes incubated in the presence of T; and cotransfected
T; receptor (T3R) expression vector (14).

T; exerts its transcriptional function through an interaction
with T3R, which is preassociated with a specific DNA se-
quence, a T; response element (TRE). A hexanucleotide half-
site, AGGTCA, has been identified as a consensus sequence
for binding of T;R (15). Naturally occurring TREs usually are
arranged as direct repeats (DRs) of a half-site, a palindrome,
or an inverted palindrome (16-18). Interestingly, DRs with
different spacings are also recognized by retinoic acid re-
ceptor (RAR), vitamin D receptor, and retinoid X receptor
(RXR), which, along with T;R, comprise a nuclear receptor
superfamily (19). In addition, RXR is capable of enhancing
DNA binding of T3R, RAR, and vitamin D receptor by for-
mation of a heterodimer (20, 21). The effect of T; on gene
transcription can be either stimulatory or inhibitory, depend-
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ing on the cell type and the specific sequence and arrange-
ment of the individual TRE (22). A palindrome of AGGTCA
or DRs with a four-nucleotide spacing has been widely ac-
cepted as a positive TRE (pTRE) (22), whereas the nature of
a negative TRE (nTRE) has not been well defined.

In a previous study we identified a nTRE in the —116 to
—6 bp region of the rat Na,K-ATPase a3-subunit gene (14).
To continue our characterization of this nTRE, transient
transfection assays were conducted to evaluate the molecular
mechanism underlying T;-mediated repression of a3 gene
transcription. T;R binding sites within the a3 gene proximal
promoter region were localized by electrophoretic mobility
shift assays (EMSAs). We report here the identification of two
binding sites for T;R/RXR heterodimers within a 63-bp re-
gion of the a3 gene promoter containing a functional nTRE.

Materials and Methods
Cell culture

Neonatal rat cardiac myocytes were prepared by a trypsin/deoxyri-
bonuclease I digestion method as previously described (13). Cells were
maintained for 1 day in DMEM containing 7% FBS and antibiotics (100
U/ml penicillin G sodium, 100 ug/ml streptomycin sulfate, and 250
ng/ml amphotericin B as fungizone). After transfection on day 2 of
culture, cardiac myocytes were incubated in serum-free DMEM sup-
plemented with 10 ug/ml insulin, 10 pg/ml transferrin, and antibiotics
for 1 day and then treated with T; and/or 9-cis-retinoic acid (9-cis-RA).

Construction of o3 /luciferase chimeric genes

pLUCS36 is an a3/luciferase gene construct containing a3 sequence
spanning nucleotides —116 to —6 in a promoterless firefly luciferase
plasmid pXP1 (14). Two additional deletion constructs, pLUC38 and
pLUC39, which contain the a3 gene —68/—6 and —39/—6 regions,
respectively, were derived from pLUC36. To generate pLUC38, pLUC36
was digested with BsrBl and HindlIII to release a fragment containing the
a3 gene —68/ —6 region, which was subsequently ligated with Smal- and
HindIll-digested pXP1. To generate pLUC39, pLUC36 was digested with
Sacl and Sacll to remove the a3 gene —116/—40 region. The remaining
fragment containing nucleotides between —39 and —6 within the pXP1
vector was treated with T4 polymerase to produce blunt ends and then
religated with T4 ligase. These constructs were subjected to both re-
striction enzyme digestion and double stranded DNA sequencing.

Transient transfection

Cardiac myocytes (4.0 X 10° cells/6-cm plate) were transfected via a
calcium phosphate coprecipitation method as previously described (13).
For Tj studies, 5.0 ug pLUC36, pLUC38, or pLUC39 were cotransfected
with 5.0 ug of either a rat T;RB1 expression vector (23) or a mutant rat
T5;RB1 expression plasmid that has an internal deletion of the DNA-
binding domain at amino acids 100-171 (24). To assess the effect of cell
density on T;-mediated repression, pLUC36 and T;RB1 plasmids were
cotransfected into cells at both 4.0 and 8.0 X 10° cells/6-cm plate. For
RXR cotransfection studies, cells were cotransfected with 2.0 ug of either
pLUC36 or positive retinoid X response element (pRXRE)/LUC and 2
g of a mouse RXRB expression vector (25). pRXRE/LUC is a luciferase
reporter gene containing three pRXREs in front of the thymidine kinase
promoter (26). For activating protein-2 (AP2) and Spl cotransfection
studies, cells were transfected with 2 ug pLUC36 along with 2 ug of
either pRSVAP2, an AP2 expression vector (27), or pPACSP1, an Spl
expression vector (28). Cells were treated with 100 nm Ty, 1 um 9-cis-RA,
or both for 1 day. Cells were lysed by incubation for 15 min at room
temperature with 200 ul reporter lysis buffer (Promega, Madison, WI)
containing 1% Triton-X 100, 10% glycerol, 25 mm Tris-HCI (pH 7.8), 2 mm
EDTA, and 20 mwm dithiothreitol (DTT). To measure luciferase activity,
25 ul of cell lysate were combined with 100 ul substrate [470 um luciferin,
270 uM coenzyme A, 530 um ATP, 20 mm tricine (pH 7.8), 1.1 mm
(MgCO,), Mg(OH),5H,0, 2.7 mm MgSO,, 0.1 mm EDTA, and 33.3 mm
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DTT], and photon emission was counted in a liquid scintillation counter
within 20 sec. Luciferase activity was expressed per total cellular protein
as previously described (14).

Bacterial expression and purification of receptors

Escherichia coli-expressed human T;RB1 was purified to approxi-
mately 7% homogeneity by phenol hydrophobic interaction chromata-
graphy and heparin affinity chromatography steps (29). Plasmids
PGEXKG-rRXRB and pGEXKG-hT;RB1 express rat RXRB-glutathione-
S-transferase (GST) and human T;RB1-GST fusion proteins, respectively
(20). These plasmids were transformed into bacterial strain JM 83. GST
fusion protein was prepared according to a protocol provided by Phar-
macia (Piscataway, NJ). Briefly, the recombinants were grown at 37 C in
500 ml Luria Beroni medium containing ampicillin until an OD at 600
nm of 0.8-1.0 was reached. Cells were induced by incubation with 0.5
mM isopropylthiogalactoside for 3 h, centrifuged, and lysed by three
cycles of sonication for 30 sec each. Supernatants of cell lysates were
incubated with 1 ml glutathione agarose beads [50% (vol/vol) in 1 X PBS
and 1% Triton-X 100] with slow shaking at 4 C for 30 min. Finally, GST
fusion protein was eluted by resuspension of the beads in 1 ml of a buffer
containing 50 mm Tris-HCI (pH 8.0), 10 mm glutathione, 1 mm phenyl-
methylsulfonylfluoride, and 20% glycerol and stored at —70 C. The
purity of GST fusion proteins was assessed by SDS-PAGE, and the
concentration was estimated by determination of OD at 600 nm.

EMSAs

Oligonucleotides that span the a3 gene regions —116/—72, —62/—-21,
—62/—41, —44/-21, -39/ —17,and —28/—6 were synthesized, as were
mutation-containing —62/—41 and —39/—6 oligonucleotides (Life
Technologies, Grand Island, NY). The fragments spanning the —116/—6
and —39/ —6 regions were generated by digestion of pUC19(—116/—6),
which contains the —116 to —6 bp region of the a3 gene with Poull/
Xballl and Sacll/ Xballl, respectively. DNA was labeled as previously
described (13). Briefly, 50 ng of either annealed oligonucleotide or DNA
fragments produced by restriction enzyme digestion were incubated
with 6 U Klenow fragment in the presence of 1 mm deoxy (d)-ATP, dTTP,
and dGTP and 50 pCi [**P]dCTP (3000 Ci/mmol) at room temperature
for 20 min. Unincorporated [**P]dCTP was removed by chromatography
on Sephadex G-25 spin columns. To detect T;R and RXR binding to a3
gene fragments in a 15-ul reaction, each labeled DNA (2.0-5.0 X 10° cpm,
1.0 ng) was incubated with 6 ng human T;RB1 or 0.4 ug human T;RB1-
GST and/or 1.3 ug rat RXRB-GST in the presence of 1.5 ug polyd(I-C),
1mm DTT, 10% glycerol, 10 mm HEPES (pH 7.9), 75 mm KCl, and 1 mm
EDTA for 20 min at room temperature. For competition experiments,
unlabeled 10-, 100-, or 1000-fold excesses of wild-type or mutant —62/
—41 oligonucleotides were incubated with T;RB1 and RXRp for 10 min
before addition of labeled wild-type —62/—41 oligonucleotide. The
reaction was continued for another 20 min. Electrophoresis in 5-8%
polyacrylamide gels was carried out under low ionic strength conditions
(0.5 X TBE) at 4 C. Gels were dried and either exposed to x-ray film at
—70 C or subjected to phosphorimaging analysis.

Statistical analysis

Results are expressed as the mean *+ sgm. Statistical significance was
determined by unpaired Student’s ¢ test (two tailed).

Results

DNA-binding domain of TsR and lower cell density are
required for Ty-mediated repression of a3 gene transcription

Both ligand- and DNA-binding domains of T;R are es-
sential for mediating the stimulatory transcriptional effect of
T (22); however, the role of binding of T;R to nTREs is less
well defined. To examine this issue, a mutant T;RB1 expres-
sion vector that has its DNA-binding domain deleted was
cotransfected with o3/luciferase gene construct pLUC36
(—116/—6 bp) in transient transfection experiments with
primary cultures of neonatal rat cardiac myocytes. As shown
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Fic. 1. DNA-binding domain of T3RB1 is required for Ts-mediated
repression of a3 gene transcription. Neonatal rat cardiac myocytes
were maintained under conditions defined in Materials and Methods.
pLUCS36 (2 ng) was cotransfected with equivalent amounts of either
a wild-type or a mutant T;RB1 (T3sRmut) expression vector. The mu-
tant TgsRB1 has a deletion of its DNA-binding domain. After treatment
with 100 nm T for 1 day, cells were lysed, and luciferase activity was
measured and normalized to protein content. Data (n = 6) are pre-
sented as the ratio of the normalized luciferase activity in the pres-
ence of T relative to that in the absence Tj, which is set at 1.0. *, P <
0.05, with T; vs. without Ts.

in Fig. 1, pLUC36 was repressed 60% by T; in the presence
of wild-type T;RB1. In the presence of cotransfected mutant
T3RB1, however, T; did not repress pLUC36 expression. This
indicated that DNA binding of T;RB1 is required for Ts-
mediated repression of a3 gene transcription.

As cell to cell interactions have been implicated as impor-
tant parameters in hormone responsiveness (30, 31), we eval-
uated the effect of cell density on Ty-mediated inhibition of
a3 gene transcription (Fig. 2). Neonatal rat cardiac myocytes
were plated at two different densities and transfected with
pLUC36 and a T;RB1 expression vector. At a lower cell
density (4 X 10° cells/6-cm plate), pLUC36 conferred a Ts-
mediated repression of 60%. By contrast, T had no effect on
pLUC36 expression when cardiac myocytes were plated at a
higher cell density (8 X 10° cells/6-cm plate).

Effect of RXR on Tsy-mediated inhibition of o3
gene expression

Our previous in vitro binding studies demonstrated that
RXRB was capable of producing a synergistic increase in
binding of T;RB1 to the a3 gene region between nucleotides
—116 and —6, which contained a functional nTRE (14). It was
intriguing to ask whether a similar synergistic effect of T;R81
and RXRp could be observed in vivo. To this end, neonatal rat
cardiac myocytes were transfected with pLUC36 with or
without cotransfection of an equivalent amount of either a
T3RB1 or RXRB expression vector, or both. After cells were
treated with 100 nm T3, 1 uM 9-cis-RA, or both for 1 day, cells
were lysed, and luciferase activity was measured (Fig. 3).
Consistent with our earlier results (14), T;RB1 in the presence
of T; suppressed pLUC36 activity 63% (lane 2). Interestingly,
a combination of RXRB and 9-cis-RA repressed pLUC36 ex-
pression 40% (lane 3), indicating that a negative RXRE
(nRXRE) is present in the a3 gene —116/—6 region. The
transcriptional activity of pLUC36 was further decreased if
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F1G. 2. The effect of cell density on repression of a3 gene promoter
activity by T5. Neonatal rat cardiac myocytes were cultured at two
different cell densities as described in Materials and Methods. Cells
were transfected with 2 ug pLUC36 and an equivalent amount of a
T5;RB1 expression vector. After cells were treated with 100 nm T for
1 day, luciferase activity was measured as in Fig. 1. Data (n = 13-16)
are presented as the ratio of luciferase activity in the presence of
T, relative to that in the absence of Ty. *, P < 0.05, with T vs. with-
out Tj.
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FiG. 3. Role of RXR in T3-mediated repression of a3 gene transcrip-
tion. Cardiac myocytes cultured as described in Fig. 1 were trans-
fected with 2 pg of either pLUCS36 (left) or pRXRE/LUC (right) with
or without cotransfection of 2 ug of either T3sRB1 or RXRp expression
vectors. Cells were treated with 100 nMm T5 and/or 1 um 9-cis-RA for
1 day. Luciferase activity was assayed as detailed in Fig. 1. Luciferase
activities of pLUC36 and pRXRE/LUC were expressed, respectively,
relative to the basal activities of pLUC36 (lane 1) and pRXRE/LUC
(lane 5), which were set at 1.0 (n = 10). *, P < 0.05; **, P < 0.05 (lane
4 vs. 3).

cells were cotransfected with T;RB1 and RXRB and treated
with both T; and 9-cis-RA (lane 4). As a positive control,
PRXRE/LUC, containing three pRXREs was stimulated by
9-cis-RA in the absence (lane 7) and presence of cotransfected
RXRp (lane 8). These observations suggest that a functional
interaction may occur between T;RB1 and RXR in mediat-
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ing repression of a3 gene transcription via binding to a nTRE
within the proximal promoter.

Neither Sp1 nor AP2 mediates the inhibitory action of T on
a3 gene transcription

The transcription factors Spl and AP2 have been sug-
gested to play a role in the T; responsiveness of several genes
(20, 32, 33). As the —116 to —6 bp region of the a3 gene
promoter contains potential binding sites for both Sp1 and
AP2 (34, 35), we investigated whether either of these trans-
activators contributes to T;-mediated repression of a3 gene
expression. To address this issue, pLUC36 expression was
evaluated in the presence of either cotransfected Sp1 or AP2
expression vectors. As illustrated in Fig. 4, cotransfection of
AP2 did not affect pLUC36 activity (lane 2), whereas Spl
stimulated pLUC36 expression 2-fold (lane 3). However, nei-
ther AP2 nor Spl counteracted T;-mediated repression of
pLUC36 expression (lane 5 vs. lane 6 or 7).

nTRE is localized to the —68/—6 region of the a3
gene promoter

To further localize the nTRE present within the —116/—6
bp region of the a3 gene promoter, we prepared two addi-
tional 5’-deletion constructs containing the —68 to —6 bp and
—39 to —6 bp regions of the a3 gene. Before analysis of the
effect of T;, we evaluated the basal activity of these deletion
constructs (Fig. 5A). In construct pLUC38, deletion of 3
sequence from —116 to —69 bp lead to an approximately 65%
reduction of basal gene transcription compared with the
activity of pLUC36. Expression of construct pLUC39 con-
taining 34 bp of 5'-flanking DNA was only marginally higher

Relative Luciferase Activity

1 2 3 4 5 6 7
T3 - - - -+ + o+
T3R - - - + + + +
AP2 -+ - - -+ -
Spl - = + - - i

Fic. 4. Effects of AP2 and Spl on inhibition of a3 gene promoter
activity by Ts. Neonatal rat cardiac myocytes were maintained as
defined in Fig. 1 and transfected with 2 ug pLUC36 with or without
cotransfection of 2 ug of a TsRB1, Spl, or AP2 expression vector. Cells
were exposed to 100 nm Ty for 1 day, and luciferase activity was
quantitated as in Fig. 1. Values of the control groups (lanes 1 and 4)
were set at 1.0, and values of experimental groups were expressed
relative to that of the control group (n = 8). *, P < 0.05 (lane 3 vs. 1,
lane 5, 6, or 7 vs. 4).
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than the background expression observed in nontransfected
cell lysates. Thus, we did not continue our characterization
of the nTRE in the a3 gene proximal promoter with the
pLUC39 construct. Transient transfection assays were con-
ducted, however, with the new 5’-deletion construct pLUC38
(Fig. 5B). In primary cultures of neonatal rat cardiac myo-
cytes cotransfected with an expression vector encoding
T3RB1, expressions of pLUC36 and pLUC38 were repressed
44% and 39%, respectively, in response to T;. These data
indicate that the region of the a3 promoter between nucle-
otides —68 and —6 contains a functional nTRE.

T;R/RXR heterodimers bind to the —62/—21 region of the
a3 gene

Extensive studies on T;-responsive genes have identified
a hexanucleotide sequence, AGGTCA, in the form of DRs,
inverted repeats, or a palindrome as a pTRE (19). Binding of
T;R as a monomer to this hexanucleotide motif has been
implicated in repression of rat TSH gene transcription by T,
(36). A computer-assisted search of the a3 gene promoter
between nucleotides —68 to —6 revealed three regions, lo-
cated at —60/—55, —34/—29, and —20/—15 bp, with a four
of six match to the AGGTCA motif (Fig. 6).

To determine whether the three potential half-sites are
indeed T;R-binding sites, EMSAs were performed using
DNA fragments that span the subregion of the a3 gene pro-
moter from —116 to —6 bps (Fig. 7). The a3 gene regions
—-116/—6, —116/—72, and —62/—21 were labeled with
a[**P]dCTP and incubated with T;RB1, RXRS, or both re-
ceptors. Samples were resolved by 5% PAGE, and DNA-
protein complexes were detected by autoradiography (Fig.
7A). In the presence of T;RB1 alone, weak binding of T;R
monomer was detected to the a3 region —62/—21 (lane 7),
consistent with our earlier observation (14) (lane 1). In the
presence of both T;RB1 and RXRB, however, strong binding
was observed with the a3 gene —62/—21 region, indicating
the formation of a T;RB1/RXRB heterodimer (lane 9). By
contrast, heterodimer binding was not evident in the a3 gene
fragment —116/—72. Therefore, a specific binding site for
T3RB1/RXRB heterodimers is present in the —62/—21 region
of the a3 gene.

Oligonucleotides spanning nucleotides —62 to —41 and
—44 to —21 were used in EMSAs to further localize T;RB1
and RXRp binding within the region of the a3 gene contain-
ing a nTRE (Fig. 7B). T3RB1 associated with RXRB-GST and
formed complexes with the —62/—41 oligonucleotide (lanes
7 and 8), but did not bind to the —44/—21 oligonucleotide
(lanes 11 and 12). A selective effect of T;RpB1 is indicated by
the observation that both native T;RB1 and T;RpB1-GST pro-
teins participated in heterodimer formation with RXR. In
addition, there was an approximately 25-fold decrease in the
intensity of T;RB1/RXRp binding to the —62/—41 oligonu-
cleotide compared with that of the —62/—21 region probe
(lane 3 vs. 7 and lane 4 vs. 8).

To examine whether the potential T;R binding site be-
tween nucleotides —60 and —55 (Fig. 6) was indeed associ-
ated with T;RB1/RXR binding to the —62/—41 oligonu-
cleotide, mutations were produced at three positions that are
homologous to the T;R-binding site hexamer AGGTCA. Both
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vector. After treatment with 100 nm T for 1 day, cells were lysed, and luciferase activity was measured as described in Fig. 1. Data (n = 8-14)
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4/6

—2
-68 CTCCTGATTGGCCAGAGCCGCCTCCCCGCGGGCG
I4/6
4/6 N 4/6 .

-34 CGGGCATATGAGGAGGCGGAGGCCCGGCC -6

FiG. 6. Potential T3R-binding sites in the —68/—6 region of the a3
gene. Sequences with a four of six match to the T;R binding site
consensus AGGTCA motif are indicated by overhead arrows. The
TATA box is in boldface.

wild-type and mutation-containing —62/—41 oligonucleo-
tides were tested for binding of T;RB1/RXRB in EMSAs (Fig.
8, left panel). T;RP1/RXRB heterodimer formation was evi-
dent only on the wild-type —62/—41 oligonucleotide (lane 2
vs. 4). The specificity of T;RB1/RXRB binding to the —62/
—41 region was examined in a competition experiment (Fig.
8, right panel). A 10-fold excess of the wild-type —62/—41
oligonucleotide competitor did not reduce T;RB1/RXRp for-
mation (lane 6); however, a 100-fold excess of wild-type
competitor lead to a 69% decrease in binding of heterodimers
(lane 7), and a 1000-fold excess of unlabeled wild-type oli-
gonucleotide abolished binding (lane 8). In contrast, the mu-
tant —62/—41 oligonucleotide did not compete efficiently
(lanes 9-11). These observations indicate that T;RB1/RXRB
heterodimers bind in a specific manner to the —62 to —41 bp
region of the a3 gene.

The striking difference in the apparent binding affinity of
T;RB1/RXRP to oligonucleotides comprising the —62/—21
and —62/—41 regions (Fig. 7B) raised the possibility that an
additional T3RB1/RXRB binding site(s) is present down-
stream of the —62/—41 region. Indeed, two regions exist
between nucleotides —34 and —29 and —20 and —15 with

partial homology to the consensus T3;R binding motif
AGGTCA (Fig. 6). To test this hypothesis, a fragment be-
tween nucleotides —39 to —6 of the a3 gene was labeled and
examined in EMSAs (Fig. 9). Binding of T;RB1/RXRp het-
erodimers to the —39 to —6 bp region was detected (lane 4).
Heterodimer formation was also evident in EMSAs using an
oligonucleotide spanning the —39 to —17 region (lane 12). In
contrast, no binding was detected to an oligonucleotide con-
taining a3 sequence from —28 to —6 bps (lane 16). Mutation
of four conserved nucleotides within the potential T;R-bind-
ing site between —34 and —29 bp abolished heterodimer
binding (lane 8). Taken together, these data suggest that a
second T3;RB1/RXRB-binding site exists within the proximal
promoter of the a3 gene.

Discussion

Our earlier studies identified a nTRE in the region of the
rat Na,K-ATPase o3 gene between nucleotides —116 and —6
(14). In this report, we have characterized functional aspects
of this nTRE and have defined binding sites for T;RB1 and
RXRp. The results indicate that the DNA-binding domain of
T3RB1 was necessary to produce repression of a3 gene tran-
scription. Similarly, T;-mediated inhibition of transcription
of the epidermal growth factor receptor gene was abrogated
in the presence of the identical mutant T;RB1 used in our
studies (24). In contrast, repression of GHF-1/Pit-1 gene ex-
pression by T; did not require direct DNA binding of T;R
(37). Instead, protein-protein interactions between T;R and a
cAMP-responsive element-binding protein were postulated
to contribute to T3-mediated repression.

Repression of a3 gene transcription by T; was abolished at
a high cell density, which yielded an approximately 70%
confluent culture of neonatal rat cardiac myocytes. To our
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Fic. 7. Formation of T;RB1/RXRB heterodimers on the a3 gene —62/—21 region. A, a3 gene fragments —116/—6, —116/—72, and —62/—21 were
labeled with [®2P]dCTP. Probes were incubated with T;RB1, RXRB-GST, or both receptors as described in Materials and Methods. Electro-
phoresis was carried out in a 5% polyacrylamide gel under lower ionic strength (0.5 X TBE) at 15 mA. This result is representative of three
experiments. B, 3?P-Labeled —62/—21, —62/—41, and —44/—21 regions of the a3 gene were incubated with either T;RB1 or T,RB1-GST with
or without RXRB-GST. The reaction products were resolved using 6% PAGE, and DNA-protein complexes were detected by autoradiography.

This result is representative of three experiments.

knowledge, this is the first demonstration that cell density
influences T; responsiveness of a mammalian gene. Our find-
ings are consistent with previous observations that an alter-
ation of cell density may affect the responsiveness of cells to
other hormones (30, 31). For example, 17B-estradiol in-
creased PRL mRNA levels in low and intermediate density
cultures of pituitary tumor GH,C; cells, whereas it did not
affect PRL mRNA content in high density cultures (30). In
contrast, clone 5 mRNA was inducible by glucocorticoid
hormone only in a high density culture of adipogenic TA1
cells (31). Although the molecular events associated with loss
of T;-mediated repression of a3 gene transcription at high
cell density have not been delineated, we speculate that the
underlying mechanism may involve either the cell density-
dependent activation or accumulation of an antagonist of
T5R.

As we previously demonstrated a synergistic effect of
RXRB on T;RPB1 binding to the nTRE located between nu-
cleotides —116 and —6 of the a3 gene (14), we initiated an
investigation of the functional effect of RXR on T;-mediated
repression of a3 gene transcription. Cotransfection of T;RB1
and RXRB in the presence of T; and 9-cis-RA yielded the
greatest degree of repression of a3 chimeric gene expression,
and the difference was statistically significant compared with
the inhibition seen in the presence of RXRpS and its ligand.
These results suggest that a functional interaction between
T3;RB1 and RXRB may occur in the in vivo regulation of a3
gene transcription. This finding is also consistent with the
results reported by Hollenberg et al. (38) in their examination
of the nTRE present in the human TRH gene. The functional

response of nTREs to RXR is not uniform, as the inhibitory
effect of T; on rat and mouse TSHP gene transcription was
abrogated in the presence of cotransfected RXR and exposure
to 9-cis-RA (39).

Interestingly, we observed a T;R-independent inhibitory
effect of RXRB and 9-cis-RA on o3 transcription in transient
transfection studies, suggesting that a nRXRE exists within
the —116 to —6 bp region of the a3 gene. Consistent with this
potential functional role of RXRB, we detected binding of
RXR§B to nucleotides between —62 to —21. The suppression
of murine TSHf3 promoter activity by 9-cis-RA and the thy-
rotrope-specific y1 isoform of RXR represents the only other
example of RXR-mediated repression of gene transcription
(40). In this study a nRXRE was localized to nucleotides
between —200 and —149 of the TSHf gene promoter region,
distant from the known TSHB nTRE, which is found close to
the transcription start site. Whether the a3 gene nRXRE is
colocalized or distinct from the nTRE will require further
investigation.

Our data indicate that the a3 gene nTRE is localized to a
region of the proximal promoter between nucleotides —68 to
—6. Within this 63-bp region, there exist two specific T;RB31/
RXRB-binding sites between nucleotides —62 and —41 and
nucleotides —39 and —17. To determine whether one or both
of these receptor binding sites were necessary for T;-medi-
ated repression of a3 gene transcription, we prepared a de-
letion construct containing nucleotides between —39 to —6 of
the a3 gene promoter and synthesized chimeric constructs
with mutations that abolished T;RB1/RXRB heterodimer
binding at both sites (data not shown). Unfortunately, both
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Fic. 8. T;RBI/RXRP heterodimers bind to a site within the —62/—41 region of the a3 gene. In the left panel, 3*P-labeled a3 gene oligonucleotide
—62/—41 and mutant —62/—41 were incubated with either GST or T;RB1 and RXRB-GST as indicated in Fig. 7. Three nucleotides were changed
(lower case) in the potential T;R-binding site (arrow) present in the complementary strand that has a four of six match to the AGGTCA motif
to generate the mutant —62/—41 region (mut —62/—41). In the right panel, unlabeled oligonucleotides —62/—41 or mut —62/—41 were incubated
with T;RB1 and RXRB-GST for 10 min before addition of >?P-labeled —62/—41. Reaction samples were resolved by 6% PAGE, and DNA-protein
complexes were detected by autoradiography. This result is representative of three experiments.

of these strategies lead to basal luciferase expression that was
too low to proceed with further functional characterization
of the a3 gene nTRE. It is interesting to note that a deletion
of the nTRE-containing region between —244 to —180 bp in
the human glycoprotein hormone « gene resulted in a re-
duction of its basal activity to background levels (41). Sim-
ilarly, mutations in the two repeats of a composite hormone
response element of the human apolipoprotein Al gene that
abolished the binding of RAR, RXR, T3R, and hepatic nuclear
factor 4 also abrogated baseline promoter activity (42).

To investigate the molecular mechanism underlying re-
pression of a3 gene transcription by T; we evaluated
whether T;R might interfere with the stimulatory action of
either AP2 or Sp1l. We found that neither cotransfected AP2
nor Spl counteracted the inhibitory effect of T; on a3 gene
expression. These results suggest that interference between
T3RB1 and either AP2 or Spl is not likely to account for the

suppression of a3 promoter activity in response to Tj. In
contrast, binding of T;R and Sp1 to mutually exclusive over-
lapping sites was implicated in the mechanism of T; repres-
sion of both epidermal growth factor receptor and human
immunodeficiency virus gene expression (24, 43). Given the
close proximity of the downstream T;RB1/RXRB-binding
site and the TATA element of the a3 gene, it is possible that
T;-mediated inhibition may involve direct functional inter-
ference between T;RB1/RXRB and TATA binding protein. A
similar interference mode of action might involve the up-
stream T;RB1/RXRB-binding site and a recently defined
functional CAAT element in this region (35). Alternatively,
T3RB1/RXRP heterodimer formation may act directly to re-
press initiation of a3 gene transcription.

Thyroidal regulation of rat Na,K-ATPase a3 gene expres-
sion appears to involve the selective utilization of both stim-
ulatory and inhibitory pathways. For example, a pTRE has
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F1G. 9. Localization of T;RB1/RXRp heterodimer binding to nucleotides between —39 and —17 of the a3 gene promoter. 32P-Labeled a3 gene
regions —39/—6, mutant —39/—6, —39/—17, and —28/—6 were incubated with GST, T;RB1, RXRB-GST, or both T3RB1 and RXRB-GST as
indicated in Fig. 7. Four nucleotides were changed (lower case) in the potential T5R-binding site (arrow), which has a four of six match to the
AGGTCA motifto generate the mutant —39/—6 region (mut —39/—6). Reaction samples were resolved by 6% PAGE, and DNA-protein complexes
were detected by autoradiography. This result is representative of three experiments.

been proposed to be responsible for the up-regulation of a3
mRNA content observed after a 1-day exposure of primary
cultures of neonatal rat cardiac myocytes to T; (11). In this
study exposure to T; for either 2 or 3 days, however, yielded
a 50% decrease in a3 mRNA, suggesting that the pTRE was
inactivated, and an inhibitory mechanism was functional.
We propose that the nTRE present in the —68 to —6 bp
region of the a3 promoter plays a fundamental role in this T
inhibitory pathway. A similar switch of T; responsiveness
was evident in our demonstration that T;-mediated repres-
sion of a3 gene transcription was abolished when neonatal
rat cardiac myocytes were cultured at a high cell density.
Finally, a3 mRNA content was unresponsive to T; in a rat
telencephalon organotypic cell culture system (10). Taken
together, these findings indicate that T; can stimulate, re-
press, or have no effect on a3 gene expression and suggests
that an interplay between positive and negative transcrip-
tional events contributes to this complex response.
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