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ABSTRACT

A number of nuclear receptors, including retinoic acid
receptors (RARS), retinoid-X receptors (RXRs), hepato-
cyte nuclear factor 4 (HNF-4), chicken ovalbumin
upstream promoter transcription factor | (COUP-TFI),
apolipoprotein regulatory protein 1 (ARP-1) and
peroxisome proliferator-activated receptor (PPAR),
bind to response elements comprised of two core
motifs, 5 '-RG(G/T)TCA, or a closely related sequence
separated by 1 nt (DR1 elements). The potential role of
the precise sequence of the core motif as well as the
spacer nucleotide in determining specificity and
promiscuity of receptor—response element interactions
was investigated. We show here that nucleotides at
base positions 1, 2 and 4 of the core motif as well as the
spacer nucleotide determine the binding preference of
HNF-4 and ARP-1 homodimers and RAR:RXR and
PPAR:RXR heterodimers. In transfection experiments
transcriptional activation by HNF-4 and PPAR:RXR and
repression by ARP-1 correlated with the relative in
vitro binding affinity provided the element was located
within the proper promoter context. Furthermore,
promoter context also determined whether an element
that binds to HNF-4 and PPAR:RXR with equal affinity
functions as an HNF-4 response element or PPAR
response element. Thus, apart from the element-specific
differences in affinity for the receptors, additional
promoter-specific transcription factors that interact
with HNF-4 and PPAR:RXR determine the specificity of
transcriptional response through DR1-type elements.

INTRODUCTION

retinoic acid receptors (RARS), retinoid-X receptors (RXRS),
chicken ovalbumin upstream promoter transcription factor (COUP-
TFI), apolipoprotein Al regulatory protein (ARP-1, also called
COUP-TFII), hepatocyte nuclear factor-4 (HNF-4) and peroxisome-
proliferator-activated receptor (PPAR) response eleméen;
palindromic elements of RG(G/T)TCA without any spacing [as in
the case of the thyroid hormone response element (TRE); 4] and
single half-sites preceded by short AT-rich sequd@¢g). The
receptors bind either as monomers (as in the case of TR; 6) or
homodimers (for example the estrogen receptor, HNF-4, ARP-1 and
RXR; 2,4,7,8) or heterodimers (for example RAR:RXR, TR:RXR,
VDR:RXR, COUP-TFIRXR, ARP-1:RXR, PPAR:RXR and
PPAR:TR; 2,4). It has been shown previously that several of these
REs bind to more than one receptor typeitro. For example, the
estrogen response element of the vitellogenin gene is recognized by
ER, TR and RAR (9), whereas a synthetic palindromic TRE binds
RAR:RXR and TR:RXR (4). Umesombal (10) poposed a 3-4-5

rule in which they suggested preferential binding of VDR:RXR,
TR:RXR and RAR:RXR to direct repeats of RG(G/T)TCA motifs
separated by 3, 4 and 5 bases respectively, although all receptors car
bind to each of these elements when they are in excess.

The direct repeats of RG(G/T)TCA with one base spacing
(DR1-type) appears to be one of the most promisctis@gting
elements known to date, as this element binds RXR, COUP-TFI,
ARP-1 and HNF-4 homodimers and PPAR:RXR, RAR:RXR,
COUP-TFI:RXR and ARP-1:RXR heterodimers (4,11-14). This
promiscuous binding should allow a DR1-containing promoter to be
constitutively activated by HNF-4, repressed by COUP-TFI and
ARP-1 and activated in response to PPAR ligands and the
RXR-specific ligand Sisretinoic acid (9C-RA) (15-19).
However, there must exist a control mechanism(s) that limits
promiscuous activation through DR1 elements, since the number of
genes containing DR1-type elements appears to be enormous anc
the majority of nuclear receptors that bind such elements are

The steroid hormone receptors, thyroid hormone receptors anbiquitously expressed.

orphan receptors form a large family of nuclear receptors thatOur specific interest is to study the role of the precise sequence
regulate gene expression through bindingjigacting sequences in of the core motif and spacer nucleotide in conferring selectivity
their respective target genes (1-3). The specific DNA sequencasd promiscuity in response element recognition of HNF-4 and
bound by the receptors, known as response elements (REs), incladRP-1 homodimers and PPAR:RXR and RAR:RXR heterodimers.
direct repeats of RG(G/T)TCA with 0-5 base spacing [as in the ca$e this end we have compared the DNA binding ability of HNF-4,
of thyroid hormone receptors (TR), vitamin D3 receptors (VDR)ARP-1, PPAR:RXR and RAR:RXR with a number of naturally
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Table 1.Nucleotide sequence of response element probes and competitor (apoA-A)/CAT, mMCRBPII(C3P)/CAT, mCRBPII(DR1G)/CAT
oligonucleotides and summary of their binding to various recetmigo and mCRBPII(DR1Gm7A)/CAT were constructed by a two step
procedure. First, the RE3 sequence of mMCRBPII/CAT3mut5 was

RESPONSE BLEWENTS RECEPTOR BINDING IN vITRO deleted and aBglll site was introduced in its place by
1357 smu PCR-mediated mutagenesis. PPRE, apoA-A, C3P, DR1G and
o o BEmA ML ALIR ERMLER DR1Gm7A sequences (12; as shown in Table 1) weaslinted
RE3 GAGTCA A AGGTCA ++ +4++ + + . . . .
RE3mdn GAGACA A AGGTCA  + _ . . into the Bglll site by PCR-directed mutagenesis. Note that the
REINTC GAGTCA C AGGTCA - - - - orientation of the repeats in relation to th€RBPIIpromoter
i TATA box (14) was the same in all plasmids and irtidal to that
PPRE AGGACA A AGGTCA ++++ ++ + b+ H
in tk-CAT constructs.
1 C. = 4444 .
e seenon o semen ! . Expression vectors for RAR RXRa, HNF-4, ARP-1 and
PPAR have been described previoyd,15).
apoA-ADR1 acec®y ¢ Gootea + . + +
3POATADRIMTC AGGGCA C GOGTCR - * - * Cell transfection and CAT assays
eF T05GLR & AGTIER +evs * * * Transfection of Cos-1 and CV1 cells using the calcium phosphate
C3PmlA AGGGCA A AGGTCA ++++++ +++++ +4+++ ++++ . . .
caemic GOGGCA A AGGTCA 4estss  seses s procedure was as described previo($h). The concentt@ns
c3pm7C TGGGCA C AGGTCA - - - - of T-RA, 9C-RA and WY-14,643 Wer@6108M, 5x 10_8M and
1075 M respectively.
RARE2 2Gec®h G AGGTEA + a 4 et
RAREZNTC  BGGGCA C AGGTCR - v * v Electrophoretic mobility shift assays (EMSA)
DR1G GGGTCA G AGGICA  ++++  +ass Preparation and incubation @f vitro transcribed-translated
DRiG’“ZA GGGICA A AGGTCA  +h+ivtt e+ receptors witt$2P-5-labeled oligonucleotide probes50 fmol)
DR1Gm7T GGGTCA T AGGTCA  ++++ +H++ ++btt +H++ . - .y
N ceoTon ¢ AceTea » . R . and EMSAs were as described previoudl). In compétion
L3 s T s experiments unlabeled oligonucleotides were added along with

32p_|abeled probes. The amount of radioactivity in DNA—protein
RG(G/T)TCA motifs are indicated by arrows. Numbers 1-13 correspond tocomplexes and free DNA was calculated using a radioanalytical
numbers used in the text to describe the position of a base within the repeaimaging system (Fuiji).
The amount of non-radioactive DR1G competitor required to achieve 50%
competition of binding of various receptors to the DR1G probe was CaICUIateq?ESULTS
and is set arbitrarily as 100 U (++++) for all receptors. The values presented
for various response elements correspond to percentage competitioBinding of RARa, RXRa, HNF-4, COUP-TFI, ARP-1 and
achieved with an oligonucleotide concentration equivalent to 100 U DR1G.PPAR to DR1-type elements
The higher the number, the greater the competition. The results presented here
are a summary of a number of independent experiments, some of which al®@R1-type elements in a number of genes were compiled to analyze
shown in Figures 2—4. whether there is any consistent pattern with respect to the position
of degenerate bases in core motifs and a preferred base in the
spacer. As shown in Figure 1, DR1 elements can be classified into
r groups: (i) elements with two perfect RG(G/T)TCA repeats;
i) elements with two imperfect repeats; (iii) elements with a
rfect RG(G/T)TCA 5motif and an imperfect '3notif;
elements with an imperfect-fotif and a perfect'anotif.
ith respect to the spacer nucleotide, A was the most frequently
served base, followed by G, T and C. Since elements Wwith 5
perfect RG(G/T)TCA were the most common DR1 elements,
we chose to study five elements of this group in greater detail.
These elements are the C3P element cpio€lll gene (11), the
MATERIALS AND METHODS apoA-A element of thapoAl gene (12), the RARE2ahent of
; ; the mous€€RABPIIgene (21), the PPREeahent of the rat acetyl
Plasmid construction CoA oxidase gene (13) and the RESwnt of the mouseRBPII
Plasmids PPRE/tk-CAT, apoA-A/tk-CAT and C3P/tk-CAT weregene(14). These eiments contain identical bases at positions 3, 5,
constructed by cloning a single copy of the PPRE, apoA-A arland 9-13 and purines at positions 2, 7 and 8 (Fig. 1A, last five
C3P sequences of tA€0, apoAlandapoClll genes respective- elements; see also Table 1 for assignment of humbers to bases
ly (13,20; exact sequences are shown in Table 1) in®atrell  within the elements). A synthetic DR1 with G as the spacer
site of pPBLCAT8+ (14). DR1@K-CAT and DR1Gm7A/MK-CAT nucleotide (DR1G14) was also indded in the study. Since the
were constructed by cloning the sequertdBGGTCAGAGGT-  apoA-A response element contains overlapping DR1 and DR2
CA-3 or 3-GGGTCAAAGGTCA-3 (Table 1) into th&al site  elements, an assay was also performed with an oligonucleotide
of pBLCAT8+. Note that the orientation of repeats in relation t@ontaining only the DR1 element (apoA-ADRL1).
thetk promoter was the same in all constructs. Plasmids pACOBInding of RARx and PPAR on their own was not detected
(-1273/+20)CAT, pACO(-1273/-471)G-CAT, RE3/tk-CAT, with any of the probes (Fig. 1B, lanes 1 and 6 respectively).
MCRBPII/CAT3 and mCRBPII/CAT3mut5 have been describedRXRa binding was seen only with the synthetic DR1G element
previously (13,14). Plasmids @RBPII(PPRE)/CAT, mCRBPII- (lane 2). HNF-4, COUP-TFI and ARP-1 bound with various

occurring DR1-type elements that show considerable degener
within the core motif and the spacer nucleotide. In addition, th
role of promoter context in restricting promiscuous activation b
these nuclear receptors was also investigated by studyi
transactivation through a common response element placed
different promoter contexts. Our results suggest that multipl
independent mechanisms restrict promiscuous activation throu
DR1-type elements.
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A GENE SEQUENCE HNF-4 COUP/ARP PPAR:RXR REF B + RXRa
DR1 with both RG(G/T)TCA motifs
[--]
oo
AGGTCA C AGGTCA + + + 7 =xz

{cgggn} E:r:‘- 41:& :.

rCRBPII

DR1 with both imperfect RG(G/T)TCA motifs

CYP4A6 AGGGCA A AGTTGA

+ + 28
apoB GGTCCA A AGGGCG + + 2 .
GBOATT . GGGTAA A AGGTTG + M + 30,5 1234567 89101112
al-antitrypsin GGGCTA A GTCCAC + - 11
MCAD CGGGTA A AGGTGA + + + 32,34
HMG-coA synthase GGGCCA A AGGTCT + 35 PPRE a a "
Factor VII GGGCAA A AGTTCT + 36 (ACO) - “
ap2 ) GGGTGA A ATGTGC + 37 - + 9
L-type pyruvate kinase GGACTC T GGCCCC + + 38 - ..h ; =W
DR1 with perfect 5' RG(G/T)TCA motif LE OO ipaIe
Transferrin AGGTCA A AGATTG + + + 27 RARE2 4
Hepatocyte growth factor 3GTCA A TGTTCA + 39 (mCRABPIN ., “." i
Hemopexin AGGTCA A AGTCTA - + 40 LI ¢
Malzclenzyme JGTCA A AGGTGA + + 41,42 » - -
SoRaf oos T SGTTCA A AGGTOT * . i 1234567891012
APOVLDLII 3GTCA A AGGTCC + 45
DRl with perfect 3' RG(G/T)TCA motif apoA-A - ‘“ N
) P
Transthyretin TAGGCA A GGTTCA + 11
Hydratase/dehydrogenase AGGTTA T AGTTCA + + 46,47
P4502C13 | TGCACA A AGTTCA + + 48 1234567 89101112
Lactoferrin GTGTCA C AGGTCA + 49
T 8GR B Aderaa ¥ 50,47 ‘o
+ + + . b b
HIV LTR 3CCA G GGGTCA + + + Ep) apoA-ADR1  Wumgs W
Ornithine transcarbamylase 3TCA A AGGTCA + + 53,54 =
CYP4Al ‘TAA A AGTTCA + 55
e coproted gemasma - ;¢ sy
a a-retoproteiln A +
Chl:zcken Ovalbumin GTGTCA A AGGTCA + + 44,45 1234587631012
INSII AGTCCA G GGGTCA + 44
ag GGATCA G AGTTCA + 36
ACO (PPRE2 AGGTAG A AGGTCA + 26 cap I Y
CRBPII (RE3) GAGTCA A AGGTCA + + 14 Clll ‘e - s
ACO (PPRE1) AGGAGA A AGGTCA . 13 (apoClll) ' B
CRABPII (RARE2) AGGGCA G AGGTCA 21 g
apoAI (a?oA-A) Al CA G GGGTCA + + 4,12
apoCIII (C3P) TGGGCA A AGGTCA + + 11,20

1234567 89101112

-
DR1G ‘-'j‘ ‘*““ .
‘A »
-u--..-. uun' .
1234567 89101112

Figure 1.Nuclear receptor binding to naturally occurring DR1-type eleméqtSéquence comparison of naturally occurring DR1-type hormone response elements.
DR1 elements from different promoters are sub-grouped based on the presence of degenerate bases (indicated in paREEJTIMBA motif (indicated in

bold). A summary of nuclear receptor binding to these elements is also shown (indicated as +). Wherever the data ondiecejstaobiavailable that space is

left blank. ) Binding of RARY, RXRa, HNF-4, COUP-TFI, ARP-1 and PPAR to various DR1-type elements. EMSAs were performeih witfto
transcribed-translated receptors and indicated probes. Only DNA—protein complexes are shown. Lanes 1-6 contain raptatlysaelcentaining either RAR

(lane 1), RXRx (lane 2), HNF-4 (lane 3), COUP-TFI (lane 4), ARP-1 (lane 5) or PPAR (lane 6). In lanes 7-dlaRK&with either RAR (lane 7), HNF-4 (lane 8),
COUP-TFI (lane 9), ARP-1 (lane 10) or PPAR (lane 11) were added. Lane 12 contains rabbit reticulocyte lysates in whidRN¥c(imoao mosaic virus RNA)

was translated. An arrowhead indicates a specific DNA—protein complex.

efficiencies to all elements (lanes 3-5 respectively). Note that the other natural DR1 elements. While 9C-RA had no effect on
elements that strongly bound HNF-4 contain purines as spad@PAR:RXR binding, it increased the mobility of the RAR:RXR
bases (for example compare binding of HNF-4 to PPRE and C3ieterodimer, irrespective of the response element tested (data not
with its binding to the RARE2 cERABPII Table 1). shown). This could be due to ligamthiced changes in receptor
RARa:RXRa heterodimers bound with various efficiency to conformation. Taken together, the above results indicate that DR1
all elements (Fig. 1B, lane 7 and data not shown; see also 1dlements are promiscuous elements that bind to several nuclear
Binding of HNF-4 was not modified by the presence of RXR receptors, possibly with different affinities. Since these variations
(compare lane 3 with lane 8). In contrast, COUP-TFI anddRXRin affinity of a given receptor for different DR1-type elements
formed an additional complex with an intermediate mobilitycould be related to base differences in the core motifs and/or in
between those of the RXRhomodimer and the COUP-TFI the spacer, the possible contribution of these bases to relative
homodimer on the DR1G probe (compare lanes 2, 4 and 9). &ffinity of each of the receptors for the various elements was then
similar complex was also formed on the DR1G probe wheimvestigated.
ARP-1 was incubated with RXR(compare lanes 2, 5 and 10).

These complexes correspond to heterodimers of COUP-TFI:R>§@OntributiOn of the 5'-motif of DR1 elements in determining

and ARP-L:RXR respectively, as they could be supershifted with affinity for various receptors

an antibody against RXR (data not shown). Efficient binding o
PPAR to PPRE, RARE2 and DR1G was observed wheMost of the divergence in elements with imperféanbtifs are
incubated along with RX&(compare lanes 6 and 11). The effectat position 1, 2 and 4 (4, 5 and 10 of 20 elements compared
of 9C-RA (5x 108 M) on binding of RXR, RAR:RXR and respectively; Fig. 1A). Curiously, all four elements with a
PPAR:RXR to various response elements was also examinggrimidine at position 1 are HNF-4 response elements. To
since 9C-RA has been shown to induce homodimerization ekamine the effect of bases at position 1 on specificity and
RXR (22). Athough 9C-RA increased binding of RXR homo- promiscuity of receptor binding a series of oligonucleotide
dimers to DR1G probe, it had very little effect on binding of RXRcompetition experiments were performed. The basic design of the
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123 456 7,889 10111213)4151617 181820 212223242526 2728 293031323334

RXRp

except for an A instead of G at position 2, competed nearly as
efficiently as DR1Gm7A for binding of ARP-1, although
DR1Gm7A is much more efficient than RE3 as well as DR1G in
competing for HNF-4, RAR:RXR and PPAR:RXR binding (data
not shown; see Fig. 4 below). However, RE3 binds efficiently to
ARP-1 only when bases at positions 1 and 4 are not degenerate, as
RE3mA4A, which has A instead of T at position 4 (as in PPREM1G),
failed to compete for ARP-1 binding (Fig. 2, compare lanes 57 with
lanes 29-31). G or T instead of A is preferred by ARP-1 at position
4, as C3Pm1A binds ARP-1 much better than PPRE (Fig. 2,
compare lanes 2—4, 8-10 and 23-25; Table 1).

oo~ BT BE-we-gm-mecmeme we - SO =T : -
i i . The PPRE of th@CO gene contains an A at position 4. A G
123456789 I0_11|2|q]d15|6_17|8|9I202|22.252425262?2829303!323334

S R S P RO residue at this position did not enhance binding of PPAR:RXR,
F T EY T LS as the mutant C3Pm1A, which is identical to PPRE except for a G
¢ at position 4, was as efficient as PPRE at competing for binding to
PPAR:RXR (Fig. 2, compare lanes 2—4, 8-10 and 23-25; Table 1).
Figure 2. Competition of DR1G-bound HNF-4, ARP-1, RAR:RXR and [N contrast, a G instead of an A at position 4 of PPRE was
PPAR:RXR by various response eleme##B:Labeled DR1G (50 fmol) probe  preferred by ARP-1 and RAR:RXR, as C3Pm1A competed more
was incubated with rabbit reticulocyte lysate derived HNF-4, ARP-1,(RAR efficiently than PPRE for ARP-1 and RAR:RXR (Fig. 2, compare
and RXRx or PPAR and RXR as indicated (lane 1). Reactions in lanes 2-34 i - : R ; e
addition contained non-radioactive competitor oligonucleotides correspondin anes 8 1_0 _Wlth_23_ 25)' Thus it appears t_hat A a_t position 4
to DR1G (lanes 2-4), RE3 (lanes 5-7), PPRE (lanes 8-10), apoA-A (lafigs 11 severely limits binding of ARP-1 and RAR:RXR without any
C3P (lanes 14-16), RARE2 (lanes 17-19), apoA-ADR1 (lanes 20-22)significant effect on binding of PPAR:RXR and HNF-4.
C3Pm1A (lanes 23-25), C3Pm1G (lanes 26—-28), RE3m4A (lanes 29-31) and
PPREmM1G (lanes 32-34). The quantity of non-radioactive competitors was
2-fold excess over radioactive probe (100 fmol) in lanes 2, 5, 8, 11, 14, 17, 20,
23, 26, 29 and 32; 6-fold excess over radioactive probe (300 fmol) in lanes 3,

6,9, 12, 15, 18, 21, 24, 27, 30 and 33; 20-fold excess over radioactive probgffect of nature of the spacer base on receptor affinity for
(1000 fmol) in lanes 4, 7, 10, 13, 16, 19, 22, 25, 28, 31 and 34. CompetitonDRl elements

oligonucleotides were added along with the probe. The sequences of the probe
and competitor oligonucleotides as well as degree of competition are shown in

Table 1. These experiments were performed twice with independently prepare . . . .
receptors and the results were identical. Al except two elements with an imperfectrbotif contain

purines as the spacer base (Fig. 1A), suggesting that a purine
residue at this position may increase affinity for receptors. To
investigate this further we performed competition assays using
DR1G as probe and mutants of RE3, PPRE, apoA-ADR1, C3P

experiments was as follows. HNF-4, ARP-1, RAR:RXR andtnd RARE2 containing a C at position 7 as competitors (Fig. 3).
PPAR:RXR were incubated with radiolabeled DR1G probe inth# all cases RE3m7C, PPREm7C, apoA-ADRm7C and
presence of a 2-, 6- or 20-fold excess of non-labeled CompetitBAREzm7C were less efficient competitors, Irrespective of the
oligonucleotides and the degree of competition was visualized B§ceptor tested. o _
EMSA. The ability of a C3P element which contains T at position The RAREZ2 element and C3Pm1A are identical in their
1 to compete for binding of ARP-1, RAR:RXR and PPAR:RXRsequence except for a G residue at position 7 in RARE2 and an
to DR1G was at least four times lower than that of DR1G (Fig. 2\ residue at the same position in C3Pm1A (Table 1). Yet both
compare lanes 2—4 with 14-16; Table 1). However, mutants etements differed greatly in their ability to compete for HNF-4
C3P modified to contain either A (C3Pm1A) or G (C3Pm1G) a&nd, to a lesser extent, for RAR:RXR binding (Fig. 2, compare
position 1, as in other elements, were as efficient as DR1G kanes 17-19 with 23-25). These results suggest that HNF-4
competing for ARP-1, RAR:RXR and PPAR:RXR (Fig. 2,exhibits a greater affinity for elements containing an A residue at
compare lanes 2—4 and 23-38). In contrast, in the case of HNFp#sition 7. To investigate further the importance of the spacer
C3P was as efficient as DR1G, indicating that efficient binding ofucleotide we performed competition assays with a DR1G probe
HNF-4 does not require a purine at position 1, even thoughith a G at position 7 and DR1G competitors with either a G, A,
C3Pm1A and C3Pm1G were somewhat more efficient competitofs or C residue at position 7 (Fig. 4). DR1Gm7A was more
(Fig. 2, compare lanes 2—4, 14-16 and 23-28; Table 1). Apafficient than DR1G in competing for binding of HNF-4,
from bases at position 1, a degenerate base at position 4 is W&AR:RXR and PPAR:RXR (Fig. 4, compare lanes 2—4 with 5-7).
tolerated by HNF-4, since A instead of G (compare PPRE witRR1Gm7T was as efficient as DR1G in competing for binding of
C3Pm1A) or T (compare PPREmM1G with DR1G; Table 1) aall receptor types (compare lanes 2—4 with 8-10; Table 1).
position 4 had a less dramatic effect on HNF-4 compared withRR1Gm7C was the weakest among the DR1G competitors
ARP-1 and RAR:RXR binding (Fig. 2, compare lanes 2-4, 8—1@compare lanes 2—4 with 11-13; Table 1). From these results we
23-25 and 32-34; Table 1). conclude that efficient receptor binding, particularly in the case

The RE3 element &RBPIlwas nearly as efficient as DR1G of HNF-4, RAR:RXR and PPAR:RXR, requires DR1 elements
in competing for ARP-1 binding, but not for HNF-4, RAR:RXR with either a purine or a thymidine residue as the spacer
or PPAR:RXR, suggesting that A instead of G at position 2 hawicleotide, among which an A residue resulted in strongest
limited effect on ARP-1 binding (Fig. 2, compare lanes 2—4 wittbinding. Also, among the receptors tested binding of ARP-1 is
5-7; Table 1). In fact, RE3, which is identical to DR1Gm7Aleast affected by spacer nucleotide.
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Figure 3. Competition of DR1G-bound HNF-4, ARP-1, RAR:RXR and

PPAR:RXR by various elements and the same elements with C as the seventh N

base32P-Labeled DR1G (50 fmol) probe was incubated with rabbit reticulocyte Figure 4. Competition of DR1G-bound HNF-4, ARP-1, RAR:RXR and
lysate derived HNF-4, ARP-1, RARand RXRr or RXRu and PPAR as PPAR:RXR by PUGGTCA direct repeats with G or A or T or C as the seventh
indicated (lane 1). Reactions in lanes 2-31 in addition contained non-radioactivebase. 3%P-Labeled DR1G (50 fmol) probe was incubated with rabbit
competitor oligonucleotides corresponding to RE3 (lanes 2—4), RE3 with C reticulocyte lysate derived HNF-4, ARP-1, R&ARNd RXRx or PPAR and
instead of A as the seventh base (RE3m7C, lanes 5-7), PPRE (lanes 8—10RXRa as indicated (lane 1). Reactions in lanes 2-13 in addition contained

PPRE with C instead of A as the seventh base (PPREm7C, lanes 11-13)jon-radioactive competitor oligonucleotides corresponding to DR1G, which has
apoA-ADR1 (lanes 14-16), apoA-ADR1 with C instead of G as the seventh G as the seventh base (lanes 2-4), DR1G with A as the seventh base (DR1GM7A,

base (apoA-ADRIM7C, lanes 17-19), C3P (lanes 20-22), C3P with C insteadanes 5-7), DR1G with T as the seventh base (DR1Gm7T, lanes 8-10) and DR1G
of A as the seventh base (C3Pm7C, lanes 23-25), RARE2 (lanes 26-28) anith C as the seventh base (DR1Gm7C, lanes 11-13). The concentration of
RARE2 with C instead of G as the seventh base (RARE2m7C, lanes 29—31)0ligonucleotide competitors was as in Figure 2.

The concentration of oligonucleotide competitors was as in Figure 2.

(presumably as homodimers) was, in general, higher than that
exhibited by RAR:RXR heterodimers (compare lane 2 with lane 4).

Ligand-dependent and -independent transcriptional activities The activity of PPAR and RXR in cultured cells was completely
of nuclear receptors on promoters containing various DR1 different from that of either HNF-4 or RAR:RXR. HNF-4
elements conferred only ligand-independent activation, whereas

L - o . RAR:RXR, conferred mostly 9C-RA-dependent activation. In

The abovein vitro binding studies indicate that single base o<t when PPAR and RXR were co-transfected. FIRRET
changes in the core _motn‘ and/pr in the spacer may b? reSPONSIYES activated in the absence of ligand and further stimulation
for preferential binding of a given receptor to a particular DR}y req in the presence of the PPAR-specific ligand
element. To investigate whether timsvitro preferential binding  \nv.14 1643 or 9C-RA. PPAR:RXR was less efficient in
may lead to preferential transcriptional activation or repressiolin jating the activity of othetk-reporter fusions. It is
transfection experiments were performed in CV1 cells using ifiteresting that only PPRE bound efficiently to PPAR:RIX#itro.
reporter construct. The reporter gene was derived from the vec{opl-he reporter genes containing DR1G or DR1GM7A were not
pF’LCaA‘TSB In v;hwh the Ith¥m'd'ne klgesfkllpromm(ger_rv;as considered in the above comparison because all receptors bound
placed under the control of various DR1 elemdfi). The  esiciently to these synthetic elemeittsitro. DR1Gtk-CATand
transfection experiments were carried outin the presence of it 1 5 7 Atk—CAT were activated almost to the same extent by
all-ransRA (T-RA) or 9CisRA (9C-RA)8[ataconcentratlon al RXR homodimers and PPAR:RXR heterodimers and also by
}’.Vh'cg I/'V%Aliogjgnofgcl\t/'lvate RXREL0M; 21) or the PPAR RAR:RXR, albeit at a lower level than that brought about by RXR
'gan T ( )- . alone, as previously observed with other DR1 elements (see above

Among severaltk—-CAT reporters containing DR1-related and 21; Fig. 5). A nateable difference between PPRECAT,
elements significant activation by HNF24¢fold) was obtained [p1qGt-CAT and DR1GM7AK-CAT is that PPREK-CAT is
only with C3Ph-CAT and DR1GM7Ak-CAT (Fig. 5, compare ,.sated hetter by WY-14,643 whereas the latter two reporters
lane 1 with lane 3). It is interesting that HNF-4 failed to activate ..o 4ctivated better by 9C-RA when transfected with PPAR and
PPREI-CAT although HNF-4 bound to PPRE and C3Pgpyp (compare lanes 5). This could be due to binding of RXR

elements with equal affinity (Table 1). :
RAR:RXR, which bound most efficiently to the apoA-A homodimers to DR1G and DR1GM7A.

element and witfi-fold higher affinity than to RE3, PPRE and
C3P, maximally activated apoA-#&+CAT ([1L2-fold), while
activation of RE3k-CAT and C3Rk-CAT by these receptors
was <5-fold (Fig. 5, compare lane 1 with lane 4). Note thad relatively poor activity ofk—reporter fusions upon co-transfection
activation by RAR:RXR heterodimers was mostly due to RXRef HNF-4 and failure of HNF-4 to activate PPRECAT and

as activation occurred only in the presence of 9C-RA (lane 4). MR1Gtk-CAT prompted us to investigate whether promoter
previously reported by Durard al (21), activation by RXR alone context plays any role in transactivation by nuclear receptors. To

Promoter context determines the transactivation potential
of nuclear receptors
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ONoligand BIT-RA MoCRA [ WY-14,643 HNF-4, which bound various natural DR1 motifs in the following
a order, C3P= PPRE > RE3 > apoA-A, activated mCRBPII-
4 RE3ftk-cat (C3P)/CAT, mCRBPII(PPRE)/CAT, mCRBPII/CAT3mut5 and
MCRBPII-(apoA-A)/CAT 20, [0, (115 and#-fold respectively
(Fig. 6A). Note that although HNF-4 stimulated mCRBPII-
(PPRE)/CAT, it failed to activate pACO(-1273/+20)CAT and
pACO-(—1273/-471)G-CAT. These results indicate that activation
by HNF-4 is dependent not only on its relative affinity for various
DR1 elements, but also on the promoter context.

While RXR alone or in combination with RAR activated
apoA-Atk—CAT, none of theCRBPIFCAT reporters containing
DR1 motifs were activated by RAR and RXR (Fig. 6A, compare
lane 1 with lane 4). However, in Cos-1 cells, in which RAR and
RXR proteins are made much more efficiently than in CV1 cells,
MCRBPII(apoA-A)/CAT and mCRBPII/CAT3mut5 were activated
7- and 4-fold respectively, while the activities of the other
receptors on these reporters were not significantly influenced by
using Cos-1 cells instead of CV1 cells (data not shown). Thus
activation by RAR:RXR may be promoter context dependent in
cells where RAR and RXRs are expressed at low level. Similar
results were also observed with PPAR:RXRC&BPIFCAT
reporters were activated by PPAR:RXR in Cos-1 cells but not in
CV1 cells (Fig. 6A and B, lanes 5).

ARP-1 is a transcription repressor, thus it is difficult to obtain
a direct correlation betweém vitro binding affinity andin vivo
function. However, one can compare its ability to repress
activation mediated by other receptors. In this respect it is easier
to compare ARP-1 repression of HNF-4 activity on different
elements than repression of RAR:RXR or PPAR:RXR activity,
because ARP-1 can form heterodimers with RXR but not with
HNF-4 (2,14). ARP-1 stngly repressed HNF-4-mediated
stimulation of mMCRBPII/CAT3mut5, compared with those of
MCRBPII(PPRE)/CAT and mCRBPII(C3P)/CAT (Fig. 6A), in
agreement with thim vitro observation that ARP-1 bound more

AXR +FXR SARP  FXR RXR. efficiently to RES3 than to PPRE, and C3P and HNF-4 bound more
ARP ARP efficiently to PPRE and C3P than Rigitro (Fig. 2 and Table 1).

_ N When the activation patterns of mMCRBPII(DR1G)/CAT and
B, P 1 oy ot ;MCRBPHDRIGMTAYCAT were compared there was a good
of pvarious reporters %vere co—transfe(?ted in?o CV1 cells along witlp@.% %OrrEIatlon bet\/\_/eer_w _the.eff|.C|ency of recePtor bindingtro and
indicated expression vectors (or parental vector pSGSY1G8 M T-RA or the extent of activatioim vivoin CV1 cells (Fig. 6A). For example,
9C-RA was added 24 h after transfection, whereas WY-14,643 was added at tHlNF-4 ~ activated mMCRBPII(DR1Gm7A)/CAT by R3-fold,
time of transfection and replaced again after 24 h. Cell extracts were preparefhereas mCRBPII(DR1G)/CAT was activatetB-fold (Fig. 6A,

40 h after transfection. Transfection efficiency was standardized by co-transfecpo[hn e 3). Similarly, a modest&-fold) ligand-dependent activation by

of 2 ug B-galactosidase expression vector pCH110. Total amount of DNA in g ’ . .

each transfection was standardized tp@@sing carrier DNA (Bluescript). In ~ PPAR:RXR was obtained only with mCRBPII(DR1Gm7A)/CAT )

all transfections the amount of expression vector was kept constant b)ﬂane 5). However, when the receptors were overexpressed, as in

substituting with pSG5. Receptor-mediated stimulation is presented as foldCos-1 cells, both reporters responded equally to transfected

stimulation wherg the C_AT act_ivity of a reporter when co-transfected alone i”receptors. For example, HNF-4, RAR:RXR and PPAR:RXR

Eit:ﬁeib\;ﬁﬂcs?n?i];elllrg?egilltz.ConSIdered as one. Experiments were repeated thrﬁ%tivated mCRBPII(DRlG)/CAT and mCRBPII_(DRle?A){
CAT to almost the same extent in Cos-1 cells (Fig. 6B). As with

other reporters, ARP-1 was more efficient in repressing activation by

RAR:RXR and PPAR:RXR compared with HNF-4, particularly

replaced by various DR1 elements and cloned with th/th respect to mCRBPI(DRIG)/CAT and mCRBPI-

PBLCAT3+ reporter (14: see Materials andthtels). In adition,  (ORLCM7A)/CAT (Fig. 6). In summary, it appears that under
we also used the reporter pACO(=1273/+20)CAT, which contailniting receptor concentration (as in CV1 cells) response
the PPRE of théACO gene within its natural context, and the €lements as well as the promoter context determine the extent of
reporter pACO(=1273/-471)G-CAT, in which th&CO gene transcriptional response by nuclear receptors.

proximal promoter sequence has been replaced3-bipbin

promoter sequencegl3). Interestingly, whenCRBPIFCAT  DISCUSSION

reporters were tested there was not only strong transactivation by

HNF-4, but also a correlation with relative vitro binding  Although previous studies have shown that DR1-type response
affinity (Fig. 6A, compare lane 1 with lane 3). For exampleglements are promiscuomnsyitro binding sites for HNF-4, RXR,

RXR HNF-4 RAR+ PPAR HNF-4 RAR+ PPAR+

this end the RE3 element of the mo@RBPII promoter was
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O Noligand [AT-RA MoC-RA EIWY-14,643 mCRBPII(C3P)/CAT o.

A 1-RA

mCRBPI/CAT3mut5 PACO(-1273/+20)CAT 60

MocRA
Ewy-14,643

RAR+RXR
PPAR+RXR

HNF-4+ARP-1
RAR+RXR+ARP-1

RXR+PPAR+ARP-1 §

T T TV 0 = . e

4 5 6 7 8 1 2 3 4 5 [} 7 8

RXR HNF-4 RAR+ PPAR HNF-4 RAR+ PPAR+ - RXR HNF-4RAR+ PPAR HNF-4 RAR+ PPAR+
RXR +RXR +ARP RXR+ RXR+ RXR +RXR +ARP RXR+ RXR+

ARP ARP ARP ARP

Figure 6. Effect of nuclear receptors on activity of tn€RBPIlIpromoter containing various DR1-type response elements. Five micrograms of indicated reporters
(see Materials and Methods for constructs) were transfected into CV1AgedsCos-1 cellsK) along with 0.51g indicated expression vector. Experiments were
performed as in Figure 5.

ARP-1, COUP-TFI, PPAR:RXR and RAR:RXR and that thesavhereas the same promoter containing DR1G and DRGm7A was
receptors compete with each other for binding to the sanaetivated B5-fold (despite the same or a higher affinity for HNF-4)
elementin vitro as well asn vivo, it was not clear whether the (Fig. 6B). Additional base positions that may determine HNF-4
degenerate bases within repeated motifs as well as spabarding preference are base positions 4 and 7. For instance, G insteac
nucleotide influence the efficiency at which an element binds tof T at position 4 may be responsible for reduced binding of
nuclear receptors (see Introduction for references and Fig. 1). (RAR:RXR and PPAR:RXR to C3Pml1lG compared with
results indicate that preferential binding of HNF-4, ARP-1DR1Gm7A (Table 1). Similarly, A instead of G at position 7 is
RAR:RXR and PPAR:RXR to DR1-type elements is determinetieneficial for HNF-4 binding, since C3Pm7A, which is almost
by the precise sequence of the core motif as well as the spaiEntical to RARE2 except for A instead of G at position 7, binds
nucleotide. Furthermore, our study also suggests that promoteary efficiently to HNF-4 (Table 1). It is interesting to note that
context restricts promiscuous transcriptional regulation by nucleamong nine naturally occurring HNF-4 response elements with 5
receptors through DR1-type response elements. imperfect repeats four of them contain a pyrimidine at position 1 and
seven of them contain A at position 7 (Fig. 1A).

Elements that bind preferentially to HNF-4

. - . . . Elements that bind preferentiall ARP-1
From various competition assays summarized in Table 1itis cleare ents that bind preferentially to

that DR1Gm7A, C3Pm1A and C3Pm1G bind more efficiently tdNA binding requirements for ARP-1 appear to be the least
HNF-4 than any other elements. However, these elements alongent, as the majority of naturally occurring DR1-type
bind to other receptors with greater affinity. The element whicklements are ARP-1 binding sites (Fig. 1A). Among the elements
binds more efficiently to HNF-4 than any other receptor is C3Rested here ARP-1 binds to DR1G, DR1Gm7A, DR1GmTT,
This element differs from C3Pm1A and C3Pm1G only at bas€3Pm1A and C3Pm1G and apoA-ADR1 elements with similar
position 1, where it contains T instead of a purine. It appears thafinity (Table 1). These elements contain degenerate bases at
T at this position reduces the affinity for ARP-1, RAR:RXR andpositions 1, 4 and 7, which suggests that degenerate bases at thes
PPAR:RXR much more than HNF-4 (Table 1). Thus HNF-4oositions neither selectively increase nor decrease the affinity for
elements that contain a T at position 1 may be ‘classical HNF-ARP-1. However, degenerate bases at these positions may
response elements which bind preferentially to HNF-4. Consisteinicrease the chances of ARP-1 binding by reducing the affinity
with this possibility, in Cos-1 cells thenCRBPII promoter for other receptors. For example, G instead of A at position 7 may
containing the C3P element was activaf®®-fold by HNF-4  selectively decrease the affinity for HNF-4 and RAR:RXR



2498 Nucleic Acids Research, 1998, Vol. 26, No. 10

without affecting the affinity for ARP-1 (compare C3Pm1A with Transactivation by HNF-4 and PPAR:RXR is promoter
apoA-ADR1, Table 1). DR1 elements with C instead A, G or Ttontext dependent
at position 7 may bind mostly to ARP-1, as these elements, in
general, bind very poorly to other receptors (compare DR1Gm7i@uring our attempts to find a correlation betwievitro binding
with DR1G, DR1Gm7A and DR1Gm7T, Table 1). Nucleotidesandin vivo activation function we observed that transactivation by
at position 2 may also influence ARP-1 binding, as replacemeftgiven receptor is not only dependent upon relative affinity for the
of G with A at this position appears to decrease affinity foelement but also on the promoter context. A striking example is
HNF-4, RAR:RXR and PPAR:RXR much more than that fooromoter context-dependent transcriptional regulation by HNF-4
ARP-1 (compare RE3 with DR1Gm7A, Table 1). Note that fournd PPAR:RXR through the PPRE sequence oA®® gene.
of five elements with degenerate bases at position 2 have béafhile PPRE behaved as a PPRE within the context #f@@and
described as ARP-1/COUP-TFI response elements (Fig. 1A). tk promoters, it behaved as an HNF-4 response element within the
context of theCRBPII promoter (Figs 5 and 6). In fact, all elements
that functioned as an RXRE (RE3, apoA-A, C3P, DR1G and
DR1Gm7A) in the context of th& promoter functioned only as a
Elements that bind preferentially to RAR:RXR HNF-4 response element within the context of RBPII
promoter. Furthermore, while ARP-1 could efficiently inhibit the
Among the elements tested only DR1GM7A appears to birﬁAR:RXR-mediated transcriptional response through all elements
RAR:RXR efficiently. However, this element binds all otherWithin the context of thé andCRBPII promoters, the HNF-4- and
receptors with greater affinity (Table 1). Unlike HNF-4, none of PAR-mediated responses within the context oiGR&PII and
the degenerate bases within the core motif appear to provide‘gOPromoters respectively were only partially repressed by ARP-1
selective advantage for RAR:RXR binding, either directly oX€XCept in the case of weak HNF-4 response elements such as RE:
indirectly (by lowering affinity for other receptors; see Table 1)21d apoA-ADRI; Figs 5 and 6). .
For example, among natural DR1 elements RAR:RXR has a]h€ mechanism(s) responsible for the promoter-specific
higher affinity for apoA-ADR1 and RARE2. However, ARP-1 difference in HNF-4- and PPAR-mediated activation and
and PPAR:RXR also bind to these elements with higher affinitRP-1-mediated repression remains to be investigated and could
Thus a DR1 element may function as a RARE only in cells th volve |nteract|ons'W|th other promoter—pqund transcription factors
contain very litle PPAR, HNF-4 and ARP-1. Embryonal(26,27). Thus while degenerate basathin the DR1 motifs
carcinoma cells such as P19 and F9 may be the cell types in Whgﬁa{erm_lne which of the nuclear receptors bind efficiently, ad(;lltlonal
DR1 elements function as a RARE, as these cells lack HNF-#anscription factors that synergize with nuclear receptors ultimately
PPAR, ARP-1 and COUP-TFI (23). However, after 24 h RA etermine whether a given promoter is activated or repress_e_d by
treatment DR1 elements may not function as a RARE in the&uiclear receptors. These transcription factors may confer additional

cells due to RA-mediated induction of ARP-1 and COUP(ZS). cont.rol over promiscuous activat_ion of DRl—conta}ining promoters,
particularly in organs such as liver which contains a number of

nuclear receptors including HNF-4, ARP-1, RARs, RXRs and
PPARs.

Elements that bind preferentially to PPAR:RXR
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