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ABSTRACT: Transcription of the antiatherogenic protein apolipoprotein Al is regulated by the thyroid
hormone L-triiodothyronine. Transient transfection and electrophoretic mobility shift assays were used
to identify thecis-acting elements involved. In transient transfection assays, hormone bound to either
thyroid hormone receptan or 5 exerts a positive effect through a thyroid hormone response element,
site A (—208 to—193). In the absence of site A, liganded receptoor 5 have a negative effect on
promoter activity. This negative effect is mediated by a 40 bp fragment spanning nucleetiée®

—7. Closer examination of this region of the gene shows there to be a negative thyroid hormone response
element at position-25 to —20 which is fused to the'3nd of the TATA element. Electrophoretic
mobility shift assays show that bacterially expressed chicken or rat thyroid hormone reckiods to

site A, either as a homodimer or as a heterodimer with the humeis-r@tinoic acid receptoo.. In

contrast, the negative thyroid hormone responsive element binds chicken thyroid hormone receptor
exclusively as a monomer. Site-directed mutagenesis of the negative thyroid hormone response element
abolished the inhibitory effects of the hormone and increased basal promoter activity by up to 40-fold.
These data suggest that functional positive and negative thyroid hormone response elements coexist within
the rat apolipoprotein Al promoter and both elements contribute to the control of apolipoprotein Al gene
expression.

Apolipoprotein Al (apo-Al)! the major protein component  hormoneL-triiodothyronine (T3) increases apo-Al expression
of high density lipoprotein particles (HDL), is synthesized (Davidson et al., 1988), by enhancing transcription of the
in the liver and small intestine (Mahley et al., 1984). HDL gene (Strobl et al., 1992; Romney et al., 1992) and synthesis
particles promote the efflux of cholesterol from peripheral of the protein (Wong & Oppenheimer, 1986; Staels et al.,
tissues and transfer it to the liver in a process known as 1990). The actions of T3 are mediated by nuclear T3
reverse cholesterol transport (Eisenberg, 1984). Hypercho-receptors (TRs), which exist as two major isoformsand
lesterolemia is a major risk-factor in the development of 8 (Lazar & Berrodin, 1990). TRs are members of a
coronary arterial disease (Frohlich & Pritchard, 1989). superfamily of nuclear ligand receptors that include those
Epidemiological studies have shown an inverse correlation which bind the steroid hormones (Evans, 1988). The specific
between serum apo-Al concentrations and the incidence of DNA sequences that mediate the effects of TR are known
coronary heart disease (Abbott et al., 1988; Stamler et al., as thyroid hormone response elements, TREs (Shepard &
1986). Furthermore, transgenic mice that overexpress humargeperhardt, 1993). These elements may bind TR in the
apo-Al are protected from this disease (Rubin et al., 1991). presence or absence of ligand (Evans, 1988; Brent et al.,
Therefore, increased expression of apo-Al protein should 1991). In addition, TRs bind to TREs as homodimers or
raise HDL levels and prevent hypercholesterolemia-induced heterodimers with other nuclear proteins (Yen & Chin, 1994).

coronary heart disease (_Fort_e & McCall, 1994). ) Positive TREs have been identified to lés-acting

Apo-Al gene expression is regulated by a variety of glements that consist of a pair of hexanucleotide repeats
physical, developmental, dietary, and hormonal factors ggnarated by an optimum spacing of four nucleotides (Yen
(Taylor & Ward, 1993; Haddad et al., 1986; Soru—Thqmas & Chin, 1994; Umesono et al., 1991), but those having a
etal, 1989; E!shourba%y et 6;:" l985r,]Wong r‘f‘ Opﬁenhﬁlme_r, space of zero to five nucleotides may also function as positive
1986). Previous studies have shown that the thyroid TREs (Miyamoto et al., 1994). Although positive TREs are
relatively common and have been studied extensively, little
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In a previous study, we showed that ligandedoTR scribed (Rosenthal, 1987; Gorman et al., 1982). Protein
increased the transcriptional activity of the rat apo-Al concentrations and the time of the CAT assay were adjusted
promoter (Romney et al., 1992). The stimulatory effect of so that all samples were within the linear range for the assay
T3 was mediated by a positive TRE, site AZ08 to—193) (5—27%). Results were corrected for background conver-
an element comprised of two hexanucleotide repeats sepasion, transfection efficiency, protein concentration, and length
rated by a two nucleotide spacing. Contrary to our expecta- of assay and expressed as a percentage of total radioactivity.
tions, deletional promoter constructs that lack site A were Expression of Chicken TR Rat TRy, Rat TR, and
repressed by T3 (Romney et al., 1992). These observationdHuman RXR. Chicken TRul (cTRol; Sap et al., 1986)
suggested that both positive and negative TREs coexist incDNA in pET-cT3R (a gift from H. H. Samuels, New York
the rat apo-Al promoter. Although we know where T3 exerts State University, New York, NY) or rat T&L (rTRo.1) and
a positive effect, our knowledge of rat apo-Al promoter rat TRS (rTRA1) in pT7-7 (a gift from S. Tabor, Harvard
function is incomplete without information on the element- Medical School, Cambridge, MA) were grownEscherichia
(s) that mediate the negative effects of T3. Therefore, we coli strain BL21(DE3) and purified as described (Forman &
attempted to identify the putative negative TRE(S) in the rat Samuels, 1991). Control plasmid pT7-7 was used to
apo-Al and examined the functional importance of this motif. transform the samEg. coli strain. Production and isolation
The presence of both positive and negative TRESs in the ratof human RXRx protein was performed as described by
apo-Al promoter provides a unique model for investigating Chan et al. (1993), using vector (pECE) containing the cDNA

the nuclear effects of T3.

MATERIALS AND METHODS

Preparation of Plasmid DNA Used in Transient Trans-
fection Assays.The deletional constructs pAl.474.CAT,
pAl.235.CAT, pAl.186.CAT, pAl.144.CAT, and pAl.46.CAT,
spanning rat apo-Al promoter nucleotidedg 74 to—7, —235
to —7, —186 to —7, —144 to —7, and —46 to —7,
respectively, were previously described (Chan et al., 1993).
The plasmids AA.CAT, which has an internal deletion of
a DNA fragment {-232 to —187) containing site A, and
p5A.CAT, which has two copies of this fragment fused to

the heterologous SV40 viral promoter, have been described

(Romney et al., 1992). Human BR or 81 cDNA were
contained in pECE-hT®R and pECE-hTR, respectively
(gifts from Dr. M. Pfahl, La Jolla Cancer Research Founda-
tion, La Jolla, CA).

To construct the mutant rat apo-Al sequences containing
the putative negative TRE, we performed PCR using one of
the following templates; pAl.474.CAT, pAl.235.CAT, or
pAI.186.CAT. In all reactions, we used a commoh 5
oligonucleotide homologous to the M13 motif in the pUC
vector and a commorn 8ligonucleotide (ACACACATATAT-
AGGCTGGGGAAGAAGACCTGG) where the underlined
trinuclectide differed from the wild-type (TCA). The product
of each PCR reaction was cloned into pGEM-T (Promega
Corporation, Madison, WI) before excision and cloning into
the Smad—Xbd site of pUC.CAT (Chan et al., 1993). All
constructs were verified by nucleotide sequence analysis.

Cell Culture and TransfectionHuman fetal hepatoma
(HuH-7) cells were maintained in RPMI-ISE medium as
previously described (Romney et al., 1992). For transient
transfection, cells were subcultured to 25%dtasks at an
initial plating density of (2-4) x 10* cells per crAand grown
in a humidified atmosphere of 5% G air for 72 h. Cells

encoding human RX& (Mangelsdorf et al., 1992; a gift from
R. M. Evans, Salk Institute, La Jolla, CA).

Electrophoretic Mobility Shift Assays (EMSARApo-Al
sequences from37 to—7 bp (apo-TATA) were synthesized
with protruding 3 EcdRl sites at either end of both sense
and antisense strands. Annealed duplex DNA was radiola-
beled by incubating with d-3?P]dCTP and the Klenow
fragment of DNA polymerase |I. The sequence frerd32
to —187 of the rat apo-Al gene was subcloned into Rt
site of pTZ18R, and a fragment containing site A (110 bp)
excised withHindlll and BarrHI. This fragment and TREpal
(Glass et al., 1989) were radiolabeled by incubating with
[0-32P]dATP and Klenow fragment. All probes were puri-
fied using Sephadex G-50 size-exclusion chromatography
(Maniatis et al., 1983). Oligomers used for competition
experiments include the mutated rat proximal negative TRE,
described above, a mutant human apo-Al negative TRE
which is identical to the rat mutant except that the underlined
nucleotides were changed to CCC, the negative TRE from
the TSH5 gene (AGAGTCTGGGTCATCACAGCATTAAC-
TCGCCAGTGCAAAGTAAGGTAGTCTCTACC), rat mal-
ic enzyme positive TRE (AATTAGGACGTTGGGTTAGGG-
GAGGACAAATT), the synthetic positive TRE, DR4
(AGCTTCAGGTCACAGGAGGTCAGAGAATT), the syn-
thetic positive TRE, TREpal (A ATTTCAGGTCATGAC-
CTGA), the mouse albumin promoter site B (AATTTAAG-
TATGGTTAATGATCTACAGTT) or the mouse albumin
promoter site D (AATTTGGTATGATTTTGTAATGGGG-
TAGGA). EMSA assays were performed using 4% poly-
acrylamide gels with 0.5 TBE buffer (1x TBE is 89 mM
Tris base, 89 mM boric acid, and 1.25 mM EDTA). Gels
were electrophoresed for 5 min prior to the loading of
samples. Reactions contained up to 80 000 cpm of purified
32P-labeled oligonucleotide, 2y of poly(ddC), 25 mM Tris
base (pH 7.8), 0.5 mM EDTA (pH 8.0), 1 mM dithiothreitol,
10% glycerol, 0.05% Triton X-100, 1@g of BSA, and

were transfected, via the calcium phosphate coprecipitationheparin-agarose column-purified bacterially expressed chicken

method (Cullen, 1987), with up to/g of test plasmid DNA
along with 5ug of either pECE-hTR or pECE-hTE and
2.5 ug of the bacterial plasmid pRS¥gal (Edlund et al.,
1985), to correct for DNA uptake by these cells. After 24
h of incubation, the medium was exchanged for one
containing either 3« 10°° M T3 or vehicle. After a further

24 h of incubation, transfected cells were harvested, andreaction mixture loaded on the gel.

cellular protein was assessed fbgalactosidase activity and
chloramphenicol acetyltransferase activity (CAT), as de-

or rat TRu1, rat TRG1, or control bacterial extract. Either
competing unlabeled oligonucleotide or COS-7 cell expressed
RXRa was added to this basic mixture. The proteidNA
binding reaction was allowed to occur either within-230

min at 24°C or for 1 h at 4°C. Bromophenol blue/xylene
cyanol dye was added and one quarter to one half of the
The samples were
electrophoresed at 0.4 V/éfor 150-210 min at 4°C. Gels
were dried under a vacuum to Whatman 3MM paper and
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in pAlLL474.CAT promoter activity to 131% of control.

PALATACAT Similarly, pAl.235.CAT promoter activity increased 4-fold
pAI.235.CAT (from 44% to 160%) following treatment with T3. These
data show that a positive thyroid hormone-responsive element
PAL186.CAT resides within the-235 to—7 region of the apo-Al and are
qualitatively similar to those observed previously (Romney
PAL144.CAT et al., 1992).
CAT pALA6.CAT To test whether TR had the same effect as &Ron

pAlL474.CAT and pAlL.235.CAT, we performed similar

Ficure 1: Rat apolipoprotein Al promoter-CAT construct&he ; ;
cis-acting elements of the rat apolipoprotein Al promoter are experiments but replaced Pror TRa. (Figure 2B). TR

represented by the boxes. The numbering is relative to the alone red.uc.:?d both pAl.474.CAT and pA_I.235.CAT pro-
transcription start site, according to the rat apo-Al numbering system Moter activities to 67% and 73%, respectively, of control.
of Widom et al. (1991). T3 treatment of cells containing Rncreased the promoter
activities of both pAl.474.CAT and pAl.235.CAT constructs.
exposed to X-ray film (Kodak X-OMAT ARS5) for 18 h, at  These data are similar to the ®Results, but T3 induction
—80 °C, in the presence of intensifying screens. is only 2—3-fold as compared to the-3!-fold for TRa.
Statistical AnalysesAll results are expressed as mean These data show thatandp isoforms of TR act similarly;
SD, and statistical significance is determined by one-way both inhibit promoter activity in the absence of T3 and both
ANOVA using Fisher’s modified least significant difference stimulate promoter activity in the presence of T3.
test. Probability values op < 0.05 were accepted as Site A Mediates Posite Effects of TR and TR8. To
statistically significant. show that site A contains a positive TRE, we measured the
activities of two constructs, pA.CAT and pPAA.CAT. The
RESULTS p5A.CAT construct has two copies of site A fused to the
Rat Apo-Al Promoter Is Responsito Both TR and TFg. heterologous SV40 viral promoter (Romney et al., 1992).
Four cis-acting elements, designated sites A, B, C, and D The experiments with pA.CAT showed that site A con-
(Figure 1), have been identified within the235 to—7 region ferred T3 responsiveness to a nonresponsive viral promoter
of the rat apo-Al gene (Widom et al., 1991). In a previous (Figure 2A,B). Similar to pAl.474.CAT and pAl.235.CAT,
study using TR (Romney et al., 1992), we showed that T3 the activity of p5A.CAT when cotransfected with Td&ror
induction of apo-Al gene activity was mediated by an TRS was repressed to 38% and 72%, respectively, relative
element residing between208 and—193 of the rat apo-Al  t0 pBA.CAT alone. In the presence of T3 and @Rr TR,
promoter, designated site A. The transient transfection activity of the reporter template increased roughly 4-fold to
procedure used in the present studies has been improved sincé80% and 262% relative to control cells that contained
the studies of Romney et al. Therefore, we have repeatedPSA.CAT alone.
those studies using the new procedure to ensure that the The pAA.CAT construct is identical to pAl.474.CAT
results are not significantly different and to simplify the except for an internal deletion of the232 to—187 sequence,
comparison of experiments with pRo those with TR. In a fragment containing site A (Romney et al., 1992). IR
the repeated studies, cotransfection of human &Rd either alone inhibited pA.CAT promoter activity to 63% of
the wild-type promoter construct pAIl.474.CAT or control, and T3 unexpectedly reduced promoter activity
pAl.235.CAT (Figure 2A) reduced promoter activity to 43% further to 22% of control (Figure 2A). In contrast to the
and 44%, respectively, when compared to control (i.e., cells suppressing effects of TRalone, TR on its own had no
transfected with pAlL474.CAT or pAl.235.CAT alone). effect on the activity of AA.CAT (Figure 2B). The addition
Exposure of similar cells to T3 produced a 3-fold increase of T3 to these HuH-7 cells, however, reduceACAT

497 [ TRa alone 407 [T TR alone *
354 I ™o+ T, 354 I TRe+T,
2
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FIGURE 2: Site A contains a positive TRE. HuH-7 cells cotransfected with the indicated deletional constructs and eitt{é) BRTRfS

(B) were treated with T3 (solid bars). Cellular proteins were then assayed for CAT activity as described in Materials and Methods. Data
are expressed as CAT activity relative to construct alone and are nte8Bsof at least six independent experiments performed in duplicate.

The dashed line indicates the control value for each constrpck 9.05; one-way ANOVA with Fisher's modified least significance
difference test.
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FicUrRe 3: Binding of cTRx1 and rTR1 to site A DNA. Bacterially [[]RasT, TRB+ T,
expressed cT&L (lanes 2, 3, 6, and 7) and roR (lanes 4 and 5) -100 -

were incubated with radiolabeled site A. Reactions were comple- FiGURE4: Negative TRE is confined to the46 to—7 bp sequence.
mented with human RX® (lanes 3, 5, 6, and 7) and a 400-fold Cellular proteins from HuH-7 cells cotransfected with the indicated
molar excess of either albumin site B DNA (lane 6) or apo-Al site deletional constructs and BR(open bars) or TR (hatched bars)

A DNA (lane 7). Bound complexes were separated from free probe treated with T3 were assayed for CAT activity as described in
as described under Materials and Methods.Hbeterodimer; HH Materials and Methods. Data are expressed as the percent reduction
= homodimer. Data are representative of experiments performedin CAT activity relative to construct alone and are meanSD of

at least three times. at least six independent experiments performed in duplicate. All
values are statistically different from their respective controls but
not from each other (one-way ANOVA with Fisher's modified least

activity to 29% of control. These observations provide ' - ;
significance difference test).

additional evidence that site A contains a positive TRE and

that it interacts with either T&3. Furthermore, the data |5 mone reduced the promoter activity atA.CAT by 78%
also suggest that r_emoval of the p_ositive TRE, site A, has and 71% in presence of TRand TR, respectively (Figure
unmasked the activity of a negative TRE in the apo-Al 4 hote that the AA.CAT data are identical to those shown
promoter. _ _ in Figure 2, except that they are shown in an inverse form
‘Bacterially Expressed Chicken @fand Rat TR Bind to so that comparison with the following negative TRE
Site A To test whether bacterially expressed c/dliRould  constructs is simplified). To identify theis-acting site(s)
bind to radiolabeled site A, we used the EMSA (Figure 3). in the promoter that mediate the inhibitory effects of T3,
The binding of either c/rTR1 was weak (lanes 2 and 4). e tested the activity of the following deletional constructs
Mobmty of the single complex detected in reactions contain- pAI.186.CAT, pAl.144.CAT, and pAl.46.CAT (Figure 1).
ing cTRal and site A was comparable to that of @R The promoter activities of each construct showed a significant
homod|mer_ (HD) bound to the positive palindromic TRE, reduction in the presence of TRand T3 (Figure 4). The
TREpal (Miyamoto et al., 1994). TH& values for the sitte  geletional construct pAl.186.CAT was reduced by 55%,
A and TREpal homodimer complexes were 0.34 and 0.37, pA|.144.CAT by 68%, and pAl.46.CAT by 50% relative to
respectively. Binding of either cTdgL or rTRol to site A ¢ontrol (i.e., activity in cells transfected with the same
was greatly enhanced by the presence of hRXRnes 3 construct without TR or T3). Similarly, TR and T3
and 5). RXRx by itself did not bind to site A (data not jnhibited the activities of pAl.186.CAT, pAl.144.CAT, and
shown). The slightly slower mobility of the c/rid/ PAL.46.CAT by 52%, 55%, and 37%, respectively relative

hRXRoJsite A (R = 0.23) compared to that of c/'id/ {5 control. These reductions were not significantly different
site A indicates heterodimerization of TR with hRXRnd from those obtained with/A.CAT (Figure 4).

is consistent with the known highbt; (50.8 kDa) of hRXR These results show that progressive deletion of the
relative to that of c/rTR1 (46 and 49 kDa, respectively) npromoter had no significant outcome on T3 reduction of
(Sap etal., 1986; Ichikawa & DeGroot, 1986). Additionally, promoter activity and localized the negative T3 effect to a
theR value compares well with other heterodimer mobilities, 4q bp DNA fragment £46 to—7). Inspection of the DNA
for example, the hTRI/hRXRo/DR+2 complex of Miya-  fragment showed a potential negative TRE sequence (AG-
moto et al. (1994) has Br value of 0.25. The binding of GTCA; —25 to —20) fused to the 3end of the TATA
TR monomer to site A was not detected. element. To show clearly that the preceding motif was
Competition studies using a nonspecific oligomer (aloumin indeed a functional negative TRE, two additional pieces of
site B) which is similar in length to site A were used to show information were required. First, does TR bind to this
specific binding. A 400-fold molar excess of this sequence fragment, and, secondly, would site-directed mutagenesis of
failed to displace cTR1 and RXRx binding to site A (lane this element abolish the negative effect of T3?
6). As expected, a 400-fold molar excess of unlabeled site TR Binds to the Nega® TRE as a Monomer.An
A displaced cTR1 binding to the labeled probe (lane 7). oligomer spanning nucleotides37 to —7, designated apo-
Together these data show specific binding of clRto TATA, was used in EMSA to determine whether TR binds
labeled site A and that the binding is enhanced by BXR  to the putative negative TRE (Figure 5). c@Rbound to
A Negative TRE Is Fused to the TATA Elementinder radiolabeled apo-TATA and formed a single complex. The
the section entitle®ite A Mediates Posite Effects of TR formation of this complex was disrupted by oliogomers
and TRS (Figure 2A,B), we showed that removal of site A containing negative TREs (lanes 4 and 5). In contrast,
from the promoter unmasked a negative response to T3.nonspecific DNA containing the mouse albumin site B (lane
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cTRa -+ + 4+ + - + + + +
Bacterial Lysate B - - - -
Competitor DNA - - ab c¢ - d e f g
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A >

accane &b &b

Ficure 5: Specific binding of cTRR1 to apo-TATA. Bacterially
expressed cT&L (lanes 2-10) was incubated with radiolabeled
apo-TATA DNA, except for lane 6, which contains an equivalent
quantity of T7E. coli bacterial proteins. A 400-fold molar excess

of the specific and nonspecific oligomer DNA fragments was added

to reactions as follows: (a) albumin site B; (b) apo-TATA; (c) rat
TSHB nTRE; (d) rat mutant apo-TATA; (e) human mutant apo-
TATA,; (f) DR+4; (g) ME positive TRE. Bound receptor complexes

were separated from free probe and visualized as described under

Materials and Methods. M= monomer binding; A= artifact.
Results are representative of experiments performed twice.
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hRXRa = = = = = <« 4 = = =
Bacterial Lysate - - = = = 4 = = = -
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[2P]-Apo-TATA [*P]-Apo-Site A [*P]-TREpal

3; Wuarin et al., 1990) mutated rat or human negative TRES Ficure 6: Binding of TR to apo-TATA, site A, and TREpal. (A)

(lanes 7 and 8) failed to displace c&R binding to apo-
TATA. Bacterial lysates that did not contain cd&R showed
no binding to apo-TATA (lane 6). These data indicate
specific binding of cTR1 to apo-TATA. The positive TRE
sequences, direct repeat plus four bases{BRand malic

Bacterially expressed ¢ was incubated with apo-TATA 101-
mer DNA (lanes 110). Reactions were complemented with T7
E. coli bacterial proteins (lane 6), COS-7 cell expressed human
RXRa (lane 7), or a 400-fold molar excess of the following DNA
fragments: (a) albumin site B, (b) albumin site D, (c) KS
Bluescript Xba—Xhd fragment, (d) apo-TATA 101-mer, (e)

enzyme positive TRE (ME), were poor competitors compared TREpal, (or f) apo-Al site A 110-mer. (B) Bacterially expressed
to sequences containing negative TREs (lanes 9 and 10). Thi$TRal, r'TRal, or rTR31 were incubated with eithéfP-labeled

observation suggests that cdRbinds to negative TREs with
a higher affinity than to positive TREs.
To determine whether cTd binds to apo-TATA as a

apo-TATA 101-mer DNA (lanes 1 and 2), apo-Al site A 110-mer
(lanes 3-8) or TREpal 121-mer (lanes-91). Human RXR was
added to reactions containing positive TREs (lane&#). In other
reactions, bacterially expressed IR (lane 6) and rTR1 (lanes

monomer or as a homodimer, we used a longer probe (101-7 and 11) were used instead of aIR The specific DNA fragment

mer) to enhance TR binding to the motif and compared the

mobility of the TR/apo-TATA complex with those of TR

apo-TATA 101-mer was used to show DNA binding competition
for cTRal. Bound receptor complexes were separated from free
probe and visualized as described under Materials and Methods.

bound to the positive TREs, site A (110-mer), and TREpal Hp = Heterodimer binding; HH= homodimer binding; M=

(121-mer). The 30 bp apo-TATA37 to —7) sequence
was ligated into the multiple cloning site of KSBluescript
and a 101 bp insert excised usiXdgpa and Xhd. DNA

monomer binding.

a monomer or heterodimer with RXRZhang et al., 1992),

fragments of comparable length, created using the samewe examined binding of cT&L and RXRux to this element.

approach containing site B or site D from the albumin Results showed the expected presence of two complexes.
promoter (Wuarin et al., 1990), served as negative controls. The complex with the slower mobility is comparable to the
cTRol bound to apo-TATA 101-mer and formed a single known migration position of heterodimer bound to TREpal

band on EMSA (Figure 6A). Only unlabeled apo-TATA
101-mer was an efficient competitor for c@R binding
(Figure 6A; lanes 210). hRXRu failed to produce a slower

and the faster migrating species of al’Rmonomer bound
to labeled probe. The comparable mobility of the odliR
apo-TATA complex in lane 2 with that of the monomer

migrating heterodimer band (lane 7). These observationscTRol/TREpal R values are 0.505 for cTdil/apo-TATA

suggest that cT&L binds specifically to apo-TATA negative

complex and 0.511 for monomer c®&R/TREpal) suggest

TRE as a monomer and its binding is not enhanced by that the predominant TR species binding to apo-TATA is a

RXRa.

To be certain that cT&L bound apo-TATA as a monomer,
we compared the mobility of this complex with that of
CcTRal/site A and cTR1/TREpal (Figure 6B). The cTd&l/
apo-TATA complex (lane 2) migrated faster than either
CcTRal homodimer or cTR1 plus RXRx heterodimer bound
to site A (lanes 4 and 5). Similarly, rii® or rTR51
dimerized with RXRx when bound to site A (lanes 6 and
7). A 400-fold molar excess of unlabeled apo-TATA 101-
mer displaced cTR1L/RXRa heterodimer binding to site A
(lane 8). Since TR is known to bind TREpal in the form of

monomer.
Mutation of the Negatie TRE Increases Promoter Adgty.
To determine the role of the putative negative TRE fused to
the TATA box in apo-Al promoter activity, we used PCR
to construct mutant templates. The three mutant constructs
were identical to pAl.474.CAT, pAlL.235.CAT, or
pAl.186.CAT except for a trinucleotide change from TCA
to CTG at position—23 to—20. The activities of the mutant
templates were compared to their wild-type counterpart in
transient transfection studies. HuH-7 cells cotransfected with
TRo/f plus a mutant or wild-type reporter were treated with
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FIGURE 7: Mutation of the nTRE increases promoter activity and affects only the inhibitory effect of T3. (A) Basal CAT-activity of protein
extracts (1Qug) from HuH-7 cells transfected with either wild-type (Wt) or mutant (Mut) pAl.474.CAT, pAl.235.CAT, or pAl.186.CAT.

(B) The left panel shows the relative CAT-activity of wild-type pAl.474.CAT, which contains both intact positive and negative TRES,
compared a similar construct containing an intact positive TRE but a mutated negative TRE. Both sets of cells were cotransfected with
TRa or TR3 and either untreated (open bars) or treated with T3 (solid bars). The right panel shows a similar set of experiments using
wild-type pAl.186.CAT, which lacks the positive TRE but contains an intact negative TRE, and mutant pAl.186.CAT which is an identical
construct containing a mutated negative TRE. Data are the me&i for two independent experiments performed in duplicate.

or without T3. Results showed that the basal CAT activity DISCUSSION
associated with the mutant pAl.474.CAT, pAl.235.CAT, or ; ;
pAIl.186.CAT constructs in the_ absence of T3 Was_higlher ratlnz;[gcl)s- ,&?p;g}nvg?e?_avgrz)\(,?oﬁgES?JQESE fgehcgv\cl);(;l' :ihoar; ttk;]ee
by 24-, 40-, and 8-fold, respectively, compared to their wild- positive effect of T3 on the wild-type promoter is mediated
type counterparts (Figure 7A). Further studies of t.h? wild- by the A element. The site A motif differs from other
type and_r_nutant PAI.474.CAT (co_nstructs containing an positive TRESs because it is comprised of two hexanucleotide
mtact_posmve TRE) showed that T3-|nd_uced activity of both repeats separated by two rather than the expected four bp
the vy|ld_-t_ype an_d mutant constructs _(Flgure 7B, left p_aT‘e')- (Umesono et al.,, 1991). Although we have previously
T3 significantly increased CAT-activity in f:ells containing  4o-umented the induction of this motif by BRits response
the mutant pAl.474.CAT cotrgnsfecteq W'th @R TRB to TRA remained unknown. Results of the present studies
by 2.7- and 2.3-fold, respectively. Similar results were g \marized above show clearly that both receptor isoforms
obtained for the mutant pAl.235.CAT construct (data not o ess the activity of site A in the absence of T3 and induce
shown). a 2—4-fold rise in activity of the promoter following exposure

In contrast, studies with wild-type and mutant pAl.186.CAT to T3. Unliganded TR repression and liganded TR induction
constructs, which lack the positive TRE, showed that T3 of gene transcription appears to be a common feature for
repressed the activity of the wild-type construct but not that this nuclear factor (Brent et al., 1989; Graupner et al., 1989).
of the mutant template (Figure 7B, right panel). Together TR binds to the A motif and RXR enhances its binding.
these observations indicate three significant findings: (A) This finding is consistent with the known role of R¥Ro
mutation of the negative TRE markedly increases the basalenhance TR binding to positive TREs (Miyamoto et al., 1994;
activity of the promoter, (B) mutation of the negative TRE Kliewer et al., 1992). TR or TRB alone are weakly
abrogates the repressive effects of T3, and (C) that the motifassociated with positive TREs and the DN@rotein interac-
fused to the TATA box mediates negative effects of T3. tion is stabilized by heterodimerization with R¥RWahl-
Additional studies showed that insertion of the wild-type strém et al., 1992; Ikeda et al., 1994). However, unlike other
negative TRE in front of the viral thymidine kinase promoter positive TREs that may bind TR as a monomer (Suzuki et
(Sudhof et al., 1987) abolished its activity (data not shown). al., 1994), TR monomer binding to site A was undetectable
Insertion of the mutant negative TRE in front of the viral (Figure 3). Although the reason for this is unclear, one
thymidine kinase promoter increased thymidine kinase possibility may be that the apo-Al site A monomer ¥R
promoter activity to within the linear range of the CAT assay. TRE interaction is weak and falls below our detection
However, neither liganded nor unliganded TR down- threshold. The increased abundance of heterodimer signal
regulated this construct (data not shown). suggests that RX&facilitates TR binding. RXRB. has been
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shown to cause a conformational change in the DNA of a of basal activity. This possibility is the topic for future
number of genes such as the human growth hormone-relatednvestigation. To determine whether the information from
gene (Leidig et al., 1992). However, since RXR®n its our studies have added to the knowledge of thyroid hormone
own does not bind to the rat apo-Al site A motif, RER  action, we compared our results with those obtained from
must enhance T& binding via a different mechanism. the study of other model genes that are also induced by T3,
These observations also suggest that RXfquires the e.g., the rat S14, rat malic enzyme, and rat growth hormone
presence of other steroid/thyroid hormone receptor super-genes. When the positive TREs are removed from the S14
family members for optimum binding. The mechanism of and malic enzyme promoters, the activity of the deletional
RXRa enhancement of TR binding is the subject of intense mutants is not inhibited by T3 (Zilz et al., 1990; Petty et al.,
research (Zhang et al., 1992; Kliewer et al., 1992) and beyond1990). However, removal of the positive TRE from the rat
the scope of this article. growth hormone gene uncovered a transient inhibitory

During the course of studies on site A, we examined a element (TIE) that represses the activity of the deletional
construct which lacks the positive TREAA.CAT). As mutant in response to T3 (Wright et al.,, 1987). The
predicted, pA.CAT was not induced by T3. However, to inhibitory effect of the TIE is active in pituitary GC cells
our surprise, the CAT activity of cells transfected with but is transient and present only between 4 and 12 h
pPAA.CAT were inhibited by liganded TR, indicating the following exposure to T3 (Wright et al., 1987). By
presence of a negative TRE in part of the promoter other comparison, our observations that the inhibitory effect of the
than site A. The present studies were initiated to identify apo-Al negative TRE and the inductive effect of the positive
the position and function of this negative TRE. The results TRE are still discernible 24 h after T3 exposure appear to
show it to be localized to a minimal segment of the gene be unique among T3-regulated genes. The presence of the
spanning nucleotides46 to—7 and showed that this 40 bp negative TRE probably dampens the enhancing effects of
fragment retains the repressive effects in response to hormond3 on the promoter.

(Figure 4). Additional evidence that pointed to the presence  The induction of the chicken ovalbumin gene expression
of a TRE in this gene fragment included its ability to bind py estrogen shows some similarities to the induction of rat
TR (Figures 5 and 6). The increased signal intensity arising apo-Al by T3. In common with the rat apo-Al promoter,
from the binding of cTR1 to the negative TRE contained  the ovalbumin promoter contains both positive and negative
within a longer oligomer (Figure 6A versus Figure 5) seems responsive elements (Sanders & McKnight, 1988). Ad-
to suggest that neighborings-acting elements might be  ditionally, when a motif that mediated the positive effects
involved in TR binding to the negative TRE. Alternatively, of estrogen was removed, a negative regulatory element was
the increased signal intensity may simply reflect an increaseexposed (Schweers et al., 1990). However, unlike the
in the stability of the DNA-protein interaction inherent to  negative TRE in the rat apo-Al promoter, the ovalbumin
longer oligonucleotides due to more native configurations negative regulatory element is not activated by hormone.
of the DNA or increased specific activity of the radiolabeled |, summary, both liganded TiRand TR8 when bound to
oligonucleotide. Since negative TREs are postulated to begjie A exert a positive effect on the rat apo-Al promoter.
a hexamer with the sequence AGGTCA (Carr & Wong, The A-site TRE is comprised of duplicate hexanucleotides
1994; Suzuki et al.,, 1994), we examined thé6 10 —7  rranged in head to tail orientation separated by 2 bp. TR
sequence for this motif and located an exact mate®(t0 45 3 homodimer or heterodimer (TR/RXR) binds to this motif
—20) that was fused to the &nd of the TATA-element. i 5 specific manner. Removal of site A from the wild-type
Site-directed mutagenesis of the trinucleotide at them@l — ,romoter exposes an element that imparts a negative response
of the hexamer motif increased activity of the entire promoter 1, T3 The repressive element is a hexanucleotide motif that
by 8-40-fold and abolished the negative but not the positive shares 6796 homology with the hexanucleotide sequence of
effects of T3. This observation confirms that the mutated he positive site A but is identical to the hexanucleotide
site mediates the negative effects of T3 and that it is separate;gnsensus TRE sequence. dTBInds to the apo-Al negative
from the apo-Al site A motif that responds to hormone. TRE as a monomer. As expected, mutation of the negative
Similarly, the negative effects of T3 on the wild-type but TRE apolishes the repressive effects of T3, but the positive
not the mutant negative TREs fused to the thymidine kinase response mediated by the separate A element remains intact,
promoter show this effect to be transferable from one jngjcating the presence of both functional positive and
promoter to another. The reduction in thymidine kinase negative elements in the rat apo-Al promoter. Based on

promoter activity by wild-type negative TRE suggests that hraceding results, rat apo-Al appears to be a useful model
tissue- and promoter-specific factors are both involved in 5, studying positive and negative TRES.

T3 negative TRE regulation of the apo-Al promoter.
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