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Summary

Using several naturally occurring and synthetic reti-
noic acid (RA)-responsive reporter genes, we show
that the patterns of transcriptional activation by vari-
ous retinoic acid receptor (RAR) and retinoid X recep-
tor (RXR) forms vary according to the nature of the RA
response element and the context of the stimulated
promoter. We demonstrate the presence of autono-
mous, ligand-inducible, and promoter context—-depen-
dent transactivation functions (AF-2s) located in the
C-terminal region of all RARs and RXRs. In addition,
promoter context-specific modulating transactivation
functions are associated with the N-terminal A and B
regions of RARs and RXRs. We also show that these
transactivation and modulating functions exhibit
response-element specificity. The modulating func-
tions display a marked specificity in their cooperation
with the AF-2 transactivation functions, cooperation
that depends on the receptor origin of the modulating
and transactivation functions and the promoter con-
text of the RA-responsive gene, thus accounting for
the specific transactivation properties of RAR and RXR
types.

Introduction

The highly pleiotropic effects of retinoids during vertebrate
embryogenesis, cytodifferentiation, and in homeostasis
(for reviews and references see Brockes, 1989, 1990, Lo-
tan, 1980; Mendelsohn et al., 1992; Saurat, 1990; Sher-
man, 1986; Summerbell and Maden, 1990; Tabin, 1991)
appear to be mediated by two families of receptors that
belong to the superfamily of nuclear receptors acting as
ligand-dependent transcriptional regulators (Beato, 1989;
Evans, 1988; Green and Chambon, 1988). The first family
is represented by three different retinoic acid receptor
(RAR) types, designated as RARa, B, and vy, which have
been identified in both humans and mice and have been
shown to mediate transcriptional activation by all-trans
retinoic acid (RA) (Benbrook et al., 1988; Brand et al.,
1988; Giguére et al., 1987; Krust et al., 1989; Mattei et al.,

1991; Petkovich et al., 1987; Zelent et al., 1989). Each
RAR gene is expressed as several isoforms that differ only
in their N-terminal A region and that are generated by
differential usage of two promoters and/or alternative
splicing (for review see Chambon et al., 1991). RAR« is
expressed as two main isoforms (a1 and a2) (Leroy et al.,
1991a, 1991b), RARp as four isoforms (81, B2, B3, and p4)
(Nagpal et al., 1992; Zelent et al., 1991), and RARy as two
main isoforms (y1 and y2) (Giguére et al., 1990; Kastner
et al., 1990a; Krust et al., 1989) (Figure 1A). The second
family corresponds to the three retinoid X receptor (RXR)
types, RXRa, B, and y (Hamada et al., 1989; Leid et al.,
1992; Mangelsdorf et al., 1990, 1992; Rowe et al., 1991;
Blumberg et al., 1992), whose specific ligand has been
recently identified as 9-cis RA (Heyman et al., 1992; Levin
et al., 1992; Mangelsdorf et al., 1992). However, owing to
the conversion of all-trans RA to 9-cis RA in cultured animal
cells, all three RXRs can also activate transcription in
transfected cells treated with high concentrations (10—
10-° M) of all-trans RA (Mangelsdorf et al., 1990, 1992;
M. T. Bocquel et al., unpublished data; S. N., M. S., P. K.,
B. D.,, H. N., and P. C., unpublished data).

A comparison of the amino acid sequences of RAR and
RXR types and isoforms has revealed a striking interspe-
cies conservation of a given RAR or RXR type or isoform
that is higher than the similarity existing between either
the three RARSs or the three RXR types (a, B, and y) within
a given species. The interspecies conservation of given
RAR and RXR types (or isoforms) is particularly notewor-
thy in the N-terminal A regions that do not exhibit a signifi-
cant conservation when either RARaq, B, and y or RXRaq,
B, and y are compared within a given species. Further-
more, in situ hybridization studies on embryo sections
have shown specific spatio-temporal patterns of expres-
sion for each mouse RAR gene (mRARa, B, and y; Dollé
etal., 1989, 1990; Ruberte et al., 1990, 1991a, 1991b) and
each mouse RXR gene (mRXRa, B, and y; Mangelsdorf et
al.,, 1992; P. K., P. Dollé, and P. C., unpublished data).
These observations have suggested that each RAR type
(and isoform) and RXR type may specifically control the
expression of subsets of RA target genes (Chambon et al.,
1991; Kastner et al., 1990a).

Two autonomous transcriptional activation functions
(AFs) have been characterized in the estrogen receptor
(ER), progesterone receptor, and glucocorticoid receptor
(for reviews see Green and Chambon, 1988; Gronemeyer,
1991). A constitutive AF and a hormone-dependent AF are
located within the N-terminal A/B region (AF-1, formerly
called TAF-1) and the ligand-binding domain (region E,
AF-2, formerly called TAF-2), respectively (Meyer et al.,
1990; Tora et al., 1989; Tasset et al., 1990; Webster et
al., 1988). Both AF-1 and AF-2 of a given receptor exhibit
distinct cell type and promoter context specificity, and
AF-1s of the three steroid hormone receptors, as well as
their AF-2s, have specific transactivation characteristics
(Berry et al., 1990; Bocquel et al., 1989; Tora et al., 1989;
Metzger et al., 1988; White et al., 1988). Moreover, the two
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chicken and human progesterone receptor isoforms A and
B, which differ from one another only in their N-terminal
region, differentially activate target genes (Kastner et al.,
1990b; Meyer et al., 1992; Tora et al., 1988; Turcotte et
al., 1991).

The differential transcriptional activation properties ex-
hibited by AF-1 and AF-2 of steroid hormone receptors
clearly suggest that the three RAR types (and their iso-
forms) and the three RXR types could also possess AFs
characterized by specific transactivation properties. Using
several reporter constructs containing either naturally oc-
curring RA-responsive promoter regions or synthetic RA
response elements (RARES), we show here that an auton-
omous AF is associated with the ligand-binding domain
of each RAR and RXR type, whereas a transcriptional
modulating function is associated with the N-terminal
A/B region. Moreover, we show that these activation and
modulating functions exhibit specific patterns of activity
that are dependent on both promoter context and re-
sponse element.

Results
Experimental Design

The possible transactivation specificity of the various RAR
and RXR types and isoforms (Figure 1A) was investigated

in COS-1 celis cotransfected with reporter constructs con-
taining the Escherichia coli chloramphenicol acetyltrans-
ferase (CAT) gene under the control of either naturally
occurring or synthetic RA-responsive promoter regions
(Figure 1B). A synthetic trimeric palindromic thyroid hor-
mone response element ((TRE3)3) and the RARE of the
RARB2 gene are inserted upstream of the herpes simplex
virus thymidine kinase (TK) promoter of pBLCAT8* (Klein-
Hitpass et al., 1988) to form (TRE3)3-TK-CAT (de Verneuil
and Metzger, 1990) and B2RARE-TK-CAT (Smith et al.,
1991), respectively. DR1G-TK-CAT, which contains a
synthetic RARE whose directly repeated core motifs
5-PuGGTCA-3' (Pu stands for a purine residue) are sepa-
rated by 1 bp, was used to provide a synthetic promoter
preferentially activated by RXRs (Kliewer et al., 1992b;
Mader et al., 1992; Mangelsdorf et al., 1991). The “natural”
promoter-CAT constructs contain the RA-responsive pro-
moter region of the mRARB2 (mRARB2-CAT; Mendelsohn
et al., 1991; Smith et al., 1991; Sucov et al., 1990; de
Thé et al., 1990; Zelent et al., 1991), mRARa2 (mMRARa2-
CAT1; Leroy et al., 1991b), mouse cellular retinol binding
protein (CRBP) | (mCRBPI-CAT1; Smith et al., 1991),
mouse CRBPII (mCRBPII-CAT1; H. N. et al., unpublished
data), and mouse cellular retinoic acid-binding protein
(CRABP) Il (mCRABPII-CAT1; B. D., M. S, P. Leroy, M.
Leid, and P. C., unpublished data) genes.
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Table 1. Relative Transcriptional Activity of RARs and RXRs

RA-Responsive Promoters

Receptors mRARB2 mRARa?2 mCRBP| mCRBPII mCRABPI| (TRE3)3-TK DR1G-TK
RARa1 9.2 36 42 15.0 16.0 31.0 10.7
RARa2 9.7 3.4 35 18.0 11.0 30.0 9.4
RARaAA 6.0 3.4 25 13 2.0 20.0 5.3
RARaAAB 20 1.0 1.0 1.0 3.0 7.0 5.9
RARB1 5.2 4.0 6.0 17.0 76.0 23.0 11.3
RARp2 5.9 3.3 6.0 7.0 44.0 33.0 14.2
RARp3 5.0 3.3 5.7 12.0 68.0 25.0 11.0
RARB4 (RARBAA) 5.6 3.2 9.3 1.0 83.0 31.0 11.1
RARBAAB 2.0 25 8.5 1.0 50.0 33.0 21.8
RARy1 14 13 2.6 2.5 45.0 19.0 43
RARy2 13 1.4 3.0 2.5 25.0 17.0 3.1
RARYAA 0.7 12 1.0 1.0 173 13.0 2.8
RARyAAB 16 0.6 1.0 1.0 1.0 5.0 2.2
RARa1(A-C)—y(D-F) 7.5 3.3 2.0 1.0 52.0 20.0 7.4
RARB1(A-C)-a(D-F) 1.0 a1 38 2.4 11.0 35.0 12.9
RARy1(A-C)-a(D-F) 11 13 1.0 1.0 7.0 33.0 2.0
RXRa 6.3 0.9 2.0 24.0 96 54 50
AXRaAAB 4.3 ND 1.0 2.3 16 54 75
AXRP 2.9 1.1 15 3.0 93 36 58
RXRBAAB 25 ND 1.0 2.3 78 27 60
RXRy 3.2 1.0 1.0 30.0 88 46 58
RXRyAAB 22 ND 1.0 2.3 14 46 51

Differential activation of a variety of natural and synthetic RA-responsive promoters by RARs, RXRs, their N-terminally truncated mutants, and
chimeric RARs. For each promoter, numbers correspond to relative CAT activity, taking the increase in expression of the reporter gene in the
presence of ligand, but in the absence of transfected receptor expression vector, as 1. COS-1 cells were transfected with one of the reported
constructs (10 nug of either mMRARB2-CAT, mRARa2-CAT1, mCRBPI-CAT1, mCRBPII-CAT1, or nCRABPII-CAT1; or 5 ng of DR1G-TK~CAT; or
2 ng of (TRE3)3-TK-CAT) along with 1 ug of the wild-type, deletion mutant, or chimeric receptor expression vector. The values, which were taken
from the various figures and data not shown, correspond to the average ( + 20%) of at least three independent experiments.

The transcriptional activities of the eight main mRAR
isoforms (MRARa1 and o2; mRARB1, B2, 3, and p4;
mRARy1 and y2) and of the recently cloned mRXRa, B,
and y (Leid et al., 1992) were tested. In the case of
mRARpP4, we used the mutant form in which the natural
initiator codon CTG has been replaced by ATG, since itis
more efficiently expressed in transfected cells (IMRARB4-
ATG, called hereafter mRARpB4; see Nagpal et al., 1992).
In each case, the amount of receptor produced in trans-
fected COS-1 cells by the corresponding pSG5-based ex-
pression vector (Green et al., 1988) was tested by Western
blotting analysis using specific antibodies (Gaub et al.,
1992; Rochette-Egly et al., 1991; S. N. et al., unpublished
data) and by a DNA-binding gel shift assay with a **P-
labeled RARE probe (see Experimental Procedures).

Using these criteria, all RAR isoforms and RXR types,
as well as their mutants truncated for the N-terminal A (AA)
or A/B (AAB) regions, were similarly expressed within a
factor of 2, when identical amounts of expression vector
DNA were transfected in COS-1 cells (data not shown). In
all transfection experiments, a plasmid expressing E. coli
B-galactosidase (pCH110) was cotransfected, and B-galac-
tosidase activity was used as an internal control to normai-
ize for variations in transfection efficiency. The transacti-
vation efficiency of the various receptorsin the presence of
10°¢ M all-trans RA was expressed as relative CAT activity,
taking the RA-dependent increase in CAT activity in the
absence of cotransfected receptor expression vector, as
1. All results given in the figures and in the table corre-

spond to the average (+ 20%) of at least three indepen-
dent transfection experiments.

mRARo¢1 and ¢2 Isoforms

Transcription from all reporter constructs, whether syn-
thetic or natural, was stimulated by mRARa1 and a2 (see
Figures 2-6 and Table 1; data not shown). For all reporter
constructs, RARa1 or a2 activated similarly. However, the
transactivation efficiency of the two RAR« isoforms rela-
tive to those of other RAR forms varied with the different
reporter constructs. These variations are particularly clear
when transactivation by RARa and RARB isoforms are
compared. RARa and B isoforms stimulated to roughly
similar extents the synthetic (TRE3)3-TK-CAT, DR1G-
TK-CAT, and B2RARE-TK-CAT reporters and the natural
mRARa2-CAT1 and mCRBPI-CAT1 reporters (Figure 2;
see Figure 5 and Table 1; data not shown). However, the
RARa isoforms were more efficient than their RARpB coun-
terparts with the mMRARB2-CAT and mCRBPII-CAT1 (with
the exception of MRARp1) reporters (Figure 3; see Figure
5and Table 1). In contrast, both RARa1 and 02 were much
less efficient than any of the mRARp isoforms at transacti-
vating the mCRABPII promoter (see Figure 6; Table 1).
Interestingly, this promoter was stimulated to a similar ex-
tent by all three RARs in P19 embryonal carcinoma cells,
indicating that differential RAR transcriptional activity may
be not only promoter dependent but also cell type depen-
dent (B. D. and S. N., unpublished data).
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Figure 2. Transactivation of Synthetic RA-Responsive Reporters by
RARs and RXRs

(A) All mRARs and mRXRs activate the expression of the synthetic
promoter construct (TRE3)3-TK-CAT. COS-1 cells were transfected
with (TRE3)3-TK-CAT (2 pg) along with varying concentrations (0.1-
2.0 ug) of the receptor expression vectors as indicated. All the results
are expressed as relative CAT activity, taking the increase in expres-
sion of the reporter gene in the presence of ligand (10° M RA), but in
the absence of receptor expression vector, as 1. mRAR isoforms are
denoted by appropriate Greek letters and numbers.

(B) Differential activation of B2RARE-TK-CAT by RARs and RXRs.
Transient transfection assays were performed in COS-1 cells using
B2RARE-TK-CAT (1 ug) and varying concentrations of the receptor
expression vectors as indicated. Same symbols and expression of
CAT activity as in (A).

mRARB1, B2, p3, and B4 Isoforms

AllmRARB isoforms similarly stimulated transcription from
the synthetic (TRE3)3-TK-CAT (see Figure 2A), DR1G-
TK-CAT (Table 1 and data not shown), and B2RARE-TK-
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Figure 4. Differential Activation of the mRARa2 Promoter by RXRs
and RARs

COS-1 cells were cotransfected with the reporter gene mRARa2-
CAT1 (10 ug) along with receptor expression vector as indicated. Same
symbols and expression of CAT activity as in Figure 2A.

CAT (see Figure 2B) reporters, as well as from the natural
promoters of mRARPB2 (Figure 3), mRARa2 (Figure 4),
mCRBPI (Table 1 and data not shown), and mCRABPII
(see Figure 6 and Table 1; data not shown) genes
(mRARB2, however, may be less efficient in the case of
the latter gene). However, the relative extent of these stim-
ulations varied with the different promoters when a com-
parison was made with stimulation brought about by
the RARa isoforms (see previous section). Strikingly,
mRARB4 did not transactivate the mCRBPII promoter re-
porter construct under conditions when mRARB1, 2, and
B3 cotransfection resulted in efficient stimulation (Figure
5). Since the mRARp4 isoform can be considered as a
mRARp isoform lacking the N-terminal A regions present
in mRARB1, B2, and B3 (Nagpal et al., 1992), the above
observation suggests that the presence of these A regions
is mandatory for transactivation of the CRBP!| promoter
but not for any of the other synthetic or natural promoters
tested in the present study. Interestingly, the same CRBPII
promoter appears also to be differentially activated by the
mRARp1, B2, and B3 isoforms.

mRARy1 and y2 Isoforms
The pattern of transactivation by the RARYy isoforms was
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Figure 3. The mRARB2 Promoter Responds Differentially to RARs and RXRs

(A) Quantitative representation of RAR- and RXR-mediated induction of mMRARB2-CAT in COS-1 cells. Cells were transfected with the reporter gene
mRARB2-CAT (10 ug) and increasing concentrations (0.1-2.0 ng) of receptor expression vectors as indicated. Same symbols and expression of

CAT activity as in Figure 2A.

(B) Representative CAT assays. COS-1 cells were transfected with mRARB2-CAT (10 ug) along with 100 ng of receptor expression vectors in the

presence of RA (107¢ M).
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Figure 5. The Various RARs and RXRs Differentially Activate CRBPII Promoter

(A) Quantitative representation of mMRAR- and mRXR-mediated activation of expression of mMCRPBII-CAT1. Transient transfections were performed
in COS-1 cells using mCRBPII-CAT1 (10 ng) along with increasing concentrations of mMRAR or mRXR expression vectors as indicated. Symbols

and expression of CAT activity are as in Figure 2A.

(B) Representative CAT assays for the activation of mCRBPII promoter by mRARs and mRXRs as indicated.

very different from those obtained for the RARa and B
isoforms (see Figures 2-6 and Table 1). Both mRARy1 and
v2 stimulated transcription from the synthetic (TRE3)3-
TK-CAT and DR1G-TK-CAT reporters with an efficiency
not much lower than that achieved with RARa and B iso-
forms (see Figure 2A and Table 1; data not shown). Fur-
thermore, both RARy isoforms were more efficient than
the RARa isoforms at transactivating the mCRABPII pro-
moter reporter (Figure 6; Table 1). Thus, both RARy1 and
RARY2 contain a transactivation function(s). However, no
significant transactivation was observed by either of the
two isoforms with mRARB2 and mRARa2 promoter con-
structs (see Figures 3 and 4), whereas a weak stimulation
was seen with the mCRBPI and mCRBPII promoters (see
Figure 5; Table 1). These results clearly show the role
of the promoter context in transactivation by the RARy
isoforms, since no significant difference in the binding of
the three RAR types to the B2RARE was ever observed in
vitro (Vasios et al., 1991; S.N.,,M. S,,P.K,,B. D, H. N,
and P. C., unpublished data).

Transactivation by mRXRa, f, and y

In the presence of 10~° M all-trans RA, mRXRa, B, and y
all stimulated transcription from the synthetic (TRE3)3-
TK-CAT reporter construct with efficiencies similar to or
higher than those achieved with the various RAR isoforms
(see Figure 2A; Table 1). The natural RA-responsive

mRARB2 promoter was also stimulated by RXRa as effi-
ciently as by RARa and B isoforms, whereas lower activa-
tions were seen with RXRB and vy (see Figure 3; Table 1).
Interestingly, no or very little stimulation was seen using
the reporter constructs p2RARE-TK-CAT, mRARa2-
CAT1, and mCRBPI-CAT1 and either RXRq, B, ory, even
though the RARE of two of these promoters is identical

_MCRABPIVCAT1 Reporter

120 120
RX
100 100 RX
RXRa
80
3 il
60
g
§ °
g 4
20
01 05 1.0 20 001 05 1.0 20
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Figure 6. Transactivation of the mCRABPII Promoter by mRARs and
mRXRs

COS-1 cells were transfected with mCRABPII-CAT1 (10 ng) together
with varying concentrations of the receptor expression vector as indi-
cated. Symbols and expression of CAT activity are as in Figure 2A.
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Figure 7. Characterization of Activation and
Modulating Functions of RARs and RXRs

(A) Characterization of mRARa1 regions in-
volved in the transactivation of the mRARp2
promoter. COS-1 cells were transiently trans-
fected as indicated with mRARB2-CAT (10 ug)
along with 1 ug (or 0.5 pg, where indicated)
of the receptor expression vector, its deletion
mutants (AA or AAB), or chimeric receptor con-
structs. Lanes 1, 9, 11, and 17 represent the
basal level expression of MRARB2-CAT in the
absence of RA. The addition of RA (107° M) to
transfected cells resulted in an increase in the
basal level activity of the reporter construct
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from cotransfection with mRARa1 (lanes 3, 13,
14, and 19), mRARy1 (lane 4), chimeric recep-
tor constructs mRARa1{A-C)-y(D-F) (lanes 5
and 6), and mRARY1(A-C)-a(D-F) (lanes 7
and 8), as well as deletion mutants MRARaAA
(lanes 15 and 16) and mRARaAAB (lane 20),
are shown.
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(B) Transactivation of (TRE3)3-TK, mCRBPII,
and mCRABPII promoters by RARs, RXRs,
and their AA and AAB truncation mutants.
COS-1 cells were transfected as indicated with
either (TRE3)3-TK-CAT (2 ng), mCRBPII-
CAT1 (10 ug), or mCRABPII-CAT1 (10 ng),
along with 1 png each of the indicated receptor

(B2RARE-TK-CAT) or very closely related (mRARa2-
CAT1; see Leroy et al., 1991b) to that of the RARB2 pro-
moter, thus indicating a promoter context dependency of
the RXR AF(s) (see Figures 2B and 4; Table 1). The highest
stimulations were observed with the mCRABPII promoter
that was similarly activated by all three RXRs, to extents
that were clearly higher than those achieved with RARa
and vy isoforms and nearly identical to those obtained with
the RARB isoforms (Figure 6; Table 1). RXRa and v also
stimulated the mCRBPI! promoter better than any of the
RAR isoforms, but, in contrast with the results obtained
with the CRABPII promoter, RXRp was clearly much less
efficient than the two other RXR types (see Figure 5; Table
1), which also support the promoter context specificity of
the transactivation functions of the three RXRs. This speci-
ficity was also supported by the results obtained with the
synthetic DR1G-TK-CAT reporter construct that was simi-
larly and efficiently transactivated by all three RXRs (Table
1 and data not shown).

Promoter Context-Dependent Transactivation
Functions Are Associated with the C-Terminal
Region of RARs and RXRs

To investigate whether transcriptional AFs analogous to
those that are contained within the ligand-binding domain
(region E) of steroid hormone receptors (see Introduction)
are also present in the three RAR and RXR types, we
tested the transactivational properties of RARs and RXRs
truncated for the N-terminal A/B region, using the same
promoter reporter constructs as above (AAB constructs in
Figure 7; see Figure 1 and Table 1; data not shown). All

constructs or their N-terminal truncation mu-
tants. RA (10" M) was added to ali the trans-
fected cells.

A/B region-truncated RARs and RXRs activated transcrip-
tion from the synthetic (TRE3)3-TK-CAT and DR1G-TK-
CAT reporter constructs in the presence of 107 M RA,
indicating the existence of an autonomous AF(s) in the
C-terminal half of all of these receptors. Since this AF is
ligand dependent and, therefore, is likely to be the counter-
part of the steroid hormone receptor AF-2 (see Introduction
for references), we call it AF-2 hereafter for the sake of
simplicity (see Discussion).

AF-2s of RARq, B, and v, as well as those of RXRuq, B,
andy, exhibited a clear promoter context specificity (Table
1 and Figure 7; data not shown). mRARa2, mCRBPI, and
mCRABPII promoters were not activated by RARaAAB,
RARBAAB did not activate the mCRBPII promoter, and
RARYAAB stimulated only (TRE3)3-TK-CAT and DR1G-
TK-CAT. A promoter context dependency of AF-2 of RXRs
was also observed (compare, for instance, the transacti-
vations of mMCRABPII, mCRBPIl, DR1G-TK, and (TRE3)-
3-TK promoters in Figure 7B and Table 1).

Modulating Transactivation Functions Are
Associated with the A and B Regions

of RARs and RXRs

In the case of steroid hormone receptors, a second inde-
pendent transactivation function, AF-1, which was shown
to be autonomously active, is associated with the N-termi-
nal A/B region (see Introduction). We have not yet been
able to demonstrate the existence of a similar autonomous
AF-1 in the A/B region of the various RAR and RXR types.
In all cases, RARs and RXRs truncated for the E/F region
failed to stimulate transcription from any one of the pro-
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moter reporter constructs used in the present study. How-
ever, the use of RARs and RXRs truncated for either the
A (AA) or A/IB (AAB) regions revealed that these regions
contain at least a modulating transactivation function(s)
that can cooperate with AF-2in a promoter context—depen-
dent manner to achieve the stimulation observed with the
complete receptors.

In the case of RARa, there is clearly a modulating func-
tion associated with the A and/or B region that is required
for maximal stimulation of transcription from (TRE3)3-TK,
DR1G-TK, mRARp2, and mCRBPI promoters (compare
RARa, RARaAA, and RARaAAB in Figure 7 and Table 1).
In the case of mMCRBPIl and mCRABPII promoters, the
modulating functions are associated with both the A1 and
A2 regions of RARa1 and a2, whereas they appear to be
located mostly in the B region in the case of the mRAR«2
promoter. Thus, the A1, A2, and B regions of both RARa 1
and RARa2 contain modulating transactivation functions
that act together with the C-terminal AF-2 in a promoter
context-dependent fashion.

Similar observations were made using RARB isoforms
truncated for either the A (AA = mRARpB4) or A/B (AAB)
regions. However, in contrast with what was observed in
the case of RARa, the A and B regions of the RARB iso-
forms do not appear to contain a modulating function capa-
ble of acting together with RARB AF-2s on the mCRBPI,
mCRABPII, (TRE3)3-TK, and DR1G-TK promoters (Fig-
ure 7B and Table 1). Furthermore, the modulating func-
tions present in the A regions of RARB1, 2, and B3 appear
to be dispensable for transactivation of the mRARB2 but
not of the mCRBPII promoter (Figure 7B and Table 1).

Promoter context—dependent modulating functions also
appear to be associated with both the A and B regions of
both RARy isoforms (see mCRABPIH, mCRBPI, mCRBPII,
and (TRE3)3-TK promoter constructs in Figure 7B and
Table 1).

Similarly, promoter context—dependent modulating func-
tions are clearly present in the A/B regions of RXRa and
v (Figure 7B and Table 1). However, the A/B region of
RXRp does not appear to contain a modulating function
when tested with the present promoter constructs (Figure
78 and Table 1).

Specificity of Cooperation between the AF-2
Transactivation Functions and the N-Terminal
Modulating Functions

Chimeric receptors were constructed to investigate the
possibility that the cooperation observed above could ex-
hibit a specificity with respect to both the origin of the
modulating and transactivation functions and the nature

of the transactivated promoter. In RARy1(A-C)-a(D-F),

the A to C regions of RARy1 are fused to the D to F regions
of RARa (see Figure 1A). The A/B modulating region of
RARy1 cooperated with RARa1 AF-2 on the mCRABPII
promoter and (TRE3)3-TK-CAT reporter constructs but
not on MRARP2, mRARa2, and mCRBPII promoters (Ta-
ble 1, Figure 7A, and data not shown), whereas the
A/B modulating region of RARa1 readily cooperated with
RARua 1 AF-2 on the same promoters (see RARa1). On the
other hand, the A/B modulating region of RARB1 cooper-

ated with RARa1 AF-2 on all reporter constructs except
on the mCRBPII promoter (Table 1 and data not shown).
These results indicate that the A/B modulating regions of
RARa1, RARB1, and RARy1 are different from one an-
other (compare the activation patterns of RARa1 with
those of RARB 1(A~C)-a(D-F) and RARy1(A-C)-a(D-F}in
Table 1). Furthermore, the comparison of the activation
patterns of RARB1 and RARP1(A-C)-a(D-F) shows that
RARa and RARB AF-2s are different (see Table 1, compar-
ing in particular the activation of mMCRBPIl and mCRABPII
promoters).

The A/B modulating region of RARa1 cooperated with
RARy AF-2 on all reporter constructs with the exception of
the mCRBPII promoter (RARa1(A-C)~y(D-F); see Figure
1, Table 1, and Figure 7A; data not shown; note that this
synergism is particularly efficient on the mCRABPII pro-
moter). These results also indicate that RARa and RARy
AF-2s are different from one another. Furthermore, it ap-
pears that the inactivity of RARy1 on the mRARpP2 and
mRARa2 promoters is due both to a complete lack of activ-
ity of its A/B region modulating function within the context
of these promoters and to a low activity of RARy AF-2 on
its own on these promoters.

In an attempt to demonstrate the existence of an autono-
mous transactivation function in the N-terminal A/B region
of RARa 1, we constructed a chimeric receptor RARa 1(A-
D)-ER(EF) (see Figure 1) containing the A to D regions of
RARa1 fused to the E/F region of the ER that contains
both the ligand-binding domain and the AF-2 tran-
scriptional activation function (Tora et al., 1989). This chi-
meric receptor stimulated transcription from the synthetic
(TRE3)3-TK-CAT reporter in the presence of estradiol (E2)
(Figure 8B). However, no stimulation was observed in the
presence of the antagonist 4-hydroxytamoxifen that inhibits
ER AF-2, but not ER AF-1, activity (Berry et al., 1990), indi-
cating that the modulating function present in the A/B re-
gion of RARa1 has no transactivating activity on its own
on the (TRE3)3-TK-CAT reporter.

The chimeric RARa1(A-D)-ER(EF) receptor was also
transfected with the mRARB2 and mCRBPII promoter re-
porter genes whose efficient transactivation by RARa1
requires the presence of the A/B region (see above and
Table 1). No stimulation of transcription was observed in
the presence of estradiol (Figure 8A and data not shown),
even though this chimeric receptor bound specifically to a
RARE-B2 oligonucleotide both in vitro (Figure 8C and data
not shown) and in vivo as judged by its inhibitory effect
on RA-dependent transactivation of the mRAR-B2-CAT
reporter by mRARPB2 in the presence of either estradiol or
hydroxy-tamoxifen (data not shown). It appears therefore
that, within the context of the mRARB2 and mCRBPII pro-
moters, the modulating function present in the A/B region
of RARa1 cannot cooperate with ER AF-2, whereas it co-
operates efficiently with RARa AF-2 (see above), indicat-
ing that AF-2s of RARa and ER correspond to different
promoter context-dependent AFs.

Discussion

We have investigated the transcriptional activation proper-
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Figure 8. No Evidence for an Autonomous Transactivation Function
in RARa A/B Region

(A) The mRARa A/B region does not activate the expression of the
mRARB2 promoter. COS-1 cells were transiently transfected with 10
ng of mMRARB2-CAT (lanes 1-6), along with 1 pg of either mRAR«1
(lanes 3 and 4) or RARa 1(A-D)-ER(EF) (lanes 5 and 6), in the absence
of any ligand (lanes 1, 3, and 5) or in the presence of either 10° M RA
(lanes 2 and 4) or 10°” M estradiol (E2) (lane 6).

(B) RARq 1(A-D)-ER(EF) activates the expression of (TRE3)3-TK-CAT
through the ER EF regions. COS-1 cells were transfected with 2 ug of
(TRES3)3-TK-CAT along with 1 pg of mRARa 1{A-D)~ER(EF) (lanes
3-6) in the absence of any ligand (lanes 1, 3, and 5) or in the presence
of either 10" M E2 (lanes 2 and 4) or 10°® M anti-estrogen hydroxyta-
moxifen (lane 6).

(C) RARa1(A-D)-ER(EF) binds in vitro to the RARB2 gene RARE
(RARE-B2). A gel shift assay was performed using **P-labeled RARE-
B2 probe and either RARa1(A-D)-ER(EF) (lanes 1-3) or pSG5 (mock
transfected, or M; lane 4) transfected COS-1 cell extracts (3 ug
of protein). Unlabeled wild-type (RARE-B2) and mutated RARE-p2
(RARE-2m) probes (100-fold excess) were added as competitors to
lanes 2 and 3, respectively.

ties of the three types of RAR (a, B, and y) and of their
major isoforms, as well as those of the three mRXR types
(a, B, and y) that have been more recently characterized.
Using several synthetic or natural RA-responsive reporter
genes, we show that the various RAR and RXR recep-
tors exhibit differential transcriptional activation potential,
which is dependent on both the nature of the RARE and
the promoter context of these reporter genes. We also
show that for each receptor these differences result from
both the stimulatory specificity of an AF that is located in
the C-terminal region and a modulating function present
in the N-terminal region.

The Different Transactivation Patterns of the
Multiple RARs and RXRs Are Dependent on Both

the Nature of the RARE and the Promoter Context
of RA-Responsive Reporter Genes

Our results are summarized in Tabie 1, where the relative
transcriptional activity of the various RARs and RXRs cor-
responds to the transfection of 1 ug of receptor vector DNA
in the presence of 107¢ M all-trans RA (see figures). It has
recently been shown that at 50 nM ligand, RAR activity is
induced by both all-trans RA and 9-cis RA, whereas RXR
activity is induced specifically by 9-cis RA (Heyman et al.,
1992; Levin et al., 1992; Mangelsdorf et al., 1992; M. T.
Bocquel et al., unpublished data; S. N., M. S, P. K.,
B.D.,H.N.,and P. C., unpublished data). However, since
all-trans RA can be converted into 9-cis RA in cultured

cells (Heyman et al., 1992; Levin et al., 1992), RXRs are
also activated when transfected into cells maintained at
elevated concentrations of all-trans RA. In control experi-
ments (data not shown), we found that with the present
reporter genes RARs were similarly activated by 9-cis RA
or all-trans RA at 107 M, whereas 1075 M 9-cis RA was two
to three times more efficient than 107% M all-trans RA at
activating RXRs.

All RAR isoforms and RXR types transactivate the TK
promoter placed under the control of the synthetic RARE
(TRE3)3 (de Verneuil and Metzger, 1990), indicating that
each receptor possesses at least one transactivation func-
tion. However, there are some significant variations in the
magnitude of this transcriptional stimulation, which sug-
gests that the activation properties of the various receptors
are not identical. This is clearly demonstrated when the
transactivation patterns of RARs and RXRs are compared
using a variety of reporter genes corresponding to either
natural (mRARB2, mRARa2, mCRBPI, mCRBPII, and
mCRABPII) or synthetic (B2RARE-TK and DR1G-TK)
RA-responsive genes. mRARy1 and y2 represent the most
dramatic cases, since the mCRABPIi promoter is the only
natural promoter to be highly activated by these RAR iso-
forms. These observations are in agreementwith the previ-
ous report of Husmann et al. (1991), who showed that
RARy1 did not activate transcription from the RARB2 and
the $2RARE-TK promoters, whereas the TK promoter
controlled by a synthetic RARE was activated. In contrast,
Husmann et al. (1991) reported that RARy2 could activate
the RARP2 promoter. The reason for this discrepancy with
our results is unknown and may possibly be due to the use
of CV1 cells and/or a shorter RARB2 promoter fragment
in the Husmann et al. study. The RARa and B activation
properties also appear to be different from each other and
from those of the RXRs when their transactivation patterns
are compared (see Results, Figures 2—-6, and Table 1). On
the other hand, the isoforms of a given RAR type (either
a, B, or y) exhibited similar activation patterns, with the
exception of mMRAR@4, which, in contrast with the other
mRARB isoforms, did not activate the mCRBPII promoter,
thus supporting the proposal that RAR isoforms could spe-
cifically transactivate different RA target genes. This pos-
sibility is further supported by the observation that RARS1,
B2, and B3 stimulated the mCRBPIi promoter to signifi-
cantly different levels.

Two main factors appear to be involved in the specificity
of transactivation by the various RARs and RXRs. That the
nature of the response element plays some role is clearly
apparent in the case of both RARs and RXRs when the
results obtained with the three reporter genes containing
the TK promoter are compared (see (TRE3)3-TK-CAT,
B2RARE-TK-CAT, and DR1G-TK-CAT in Figure 2 and
Table 1). In the case of RXRs, this may be related to differ-
ent binding efficiencies of the receptors for the B2RARE,
(TRE3)3, and DR1G elements (see Leid et al., 1992).
However, RXRs do activate, albeit less efficiently, the
mRARPB2-CAT reporter that contains the same B2RARE
(Figure 3; Table 1). A difference in binding efficiency is
unlikely to account for the lack of activation of the
B2RARE-TK-CAT reporter by RARy1 and v2, since RARy
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isoforms appear to bind as efficiently to the B2RARE in
vitro as do the RARa and RARB isoforms (Vasios et al.,
1991; S. N. et al., unpublished data). However, in view of
the recent findings that RARs and RXRs may bind to and
transactivate from their response elements as heterodim-
ers (Kliewer et al., 1992a; Leid et al., 1992; Yu et al., 1991;
Zhang et al., 1992), one cannot exclude the possibility that
the transactivation specificity that is related to the nature
of the response element reflects the availability of a COS-1
cell endogenous partner for heterodimerization. Alterna-
tively, this partner may block the activation function of the
receptor on some response elements. In this regard, it is
important to stress that the present transcriptional activa-
tions could not be generated by replacing the various
RARs and RXRs with their C-terminally truncated domi-
nant negative mutants, which bind RAREs as either homo-
dimers or heterodimers as efficiently as their wild-type
counterparts but have lost their transactivation function
(M. S. et al., unpublished data).

The promoter context also appears to be an important
factor in determining the specificity of activation by the
multiple RARs and RXRs. The B2RARE-TK-CAT and
mRARB2-CAT reporter genes have the same RARE, al-
though within different promoter contexts. The mRARB2
promoter is activated more efficiently by RARa than by
RAR( isoforms, whereas the reverse is observed with the
B2RARE-TK-CAT reporter. Similarly, the three RXR types
are totally inactive on the B2RARE-TK-CAT reporter,
whereas they activate the mRARpB2 promoter. This pro-
moter context dependence is likely to reflect a specificity
in the cooperation between the activation functions of the
receptors (see below) and other transactivators specifi-
cally bound to a given promoter region.

A Promoter Context-Specific Activation Function
(AF-2) Is Present in the C-Terminal Region

of All RARs and RXRs

AllRARs and RXRs truncated for the N-terminal A/B region
are still capable of activating transcription from the syn-
thetic (TRE3)3-TK-CAT reporter gene, albeit with a re-
duced efficiency in the case of RARo and RARYy. It is most
probable that the corresponding AF is located in the E
region, since chimeric receptors comprised of the GAL4
DNA-binding domain tethered to the E regions of the vari-
ous RARs and RXRs are efficient transactivators of pro-
moters containing the 17-mer GAL4 response element
(M. T. Bocquel et al., unpublished data; M. S. et al., unpub-
lished data). A similarly located ligand-dependent tran-
scriptional activation function (AF-2) has been previously
identified in the corresponding region of steroid hormone
receptors (Tora et al., 1989). Therefore, the activation
function present in the C-terminal region of RARs and
RXRs is referred to as AF-2.

The activities of the AF-2s of the various RARs and RXRs
are clearly promoter context dependent. On the basis of
these differential activities, it is most probable that RARy
AF-2 is different from the AF-2s of all the other RARs and
RXRs. In addition, it is likely that AF-2s of RARa and B are
different from one another and from those of RXRa, B, and
v and that AF-2 of RXRp is different from those of RXRa

andy, since RXRBAAB, but neither RXRaAAB nor RXRy-
AAB, stimulated transcription from the mCRABPII pro-
moter. We note in this respect that Nagata et al. (1992)
also found that mRXRp truncated for the A/B region trans-
activates a major histocompatibility complex class | pro-
moter. That AF-2s of RARa and RARy are different is
further supported by the comparison of the activation pat-
terns of RARa1 and of the chimeric receptor RARa1(A-
C)—y(D-F): the D to F region of RARy can efficiently re-
place that of RARa with the promoters (TRE3)3-TK,
mRARB2, mRARo2, and mCRABPII (where it is even
much better), but it is totally inactive with the mCRBPII
promoter. Comparison of the activations of CRBPII and
CRABPII promoters by RARB 1 and by the chimeric recep-
tor RARB1(A-C)-a(D-F) also shows that AF-2s of RARB
and RARa are different (Table 1). It appears, therefore,
that the ligand-dependent AF-2s of all RARs and RXRs
may be different from one another. In this regard, it should
be possible to identify the amino acids responsible for
these differences, since the E region sequences of the
three RARs are ~90% similar and those of the RXRs are
also conserved to a similar extent (Chambon et al., 1991;
Leid et al., 1992). Finally, the results obtained with the
chimeric RAR-ER receptor RARa 1(A-D)-ER(EF) indicate
that RARa AF-2 is also different from ER AF-2 (Figure 8).

Promoter Context-Specific Modulating Functions
Are Present in the N-Terminal A and B

Regions of RARs and RXRs

The N-terminal A/B regions of steroid hormone receptors
possess a second promoter context—dependent activation
function, AF-1 (see Introduction for references). We there-
fore looked for the presence of similar AFs in the A and B
regions of RARs and RXRs, with the assumption that the
A regions of the different RAR types and isoforms contain
distinct AFs that could differentially activate the transcrip-
tion of RA target genes.

The A/B regions of mRARa1, mRARB2, mRARy1,
mRXRa, mRXRB, and mRXRy were linked to the GAL4
(1-147) DNA-binding domain. None of these chimeric tran-
scripts activated transcription from the GAL4 reporter
genes that were previously used to reveal AF-1s of steroid
hormone receptors (Tora et al., 1989; M. S. et al., unpub-
lished data). Similarly, we were not able to reveal any inde-
pendent AFs in the A/B region of RARa1 using the chi-
meric construct RARa1(A-D)-ER(EF) (Figure 8). These
results could mean that there are no independent AFs in
the N-terminal regions of RARs and RXRs or, alternatively,
that these activities are more promoter context dependent
than those of steroid hormone receptor AF-1s.

We therefore investigated the effect of deleting the A
and the A/B regions of RARs and RXRs on their ability to
activate the various natural and synthetic RA-responsive
promoters used in the present study. Our results (summa-
rized in Table 1) show that both the A and B regions of
RARSs contain functions that moduilate the activity of AF-2
in a promoter context-dependent manner. For instance,
the A regions of RARa 1 and a2 are absolutely required for
efficient transcription from the mCRBPIl and mCRABPII
promoters but not from the mRARB2 and (TRE3)3-TK pro-
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moters. However, RARa region B is required for efficient
transcription from the latter two promoters. Similar modu-
lating functions, which cooperate in a promoter context-
specific manner, are present in the A and B regions of
RARpB and RARy and in the A/B regions of RXRs. The
similarity in the transactivation properties of RXRa and
RXRy, and the differences between these RXR types and
mRXRB, can be correlated with the observation that the
AJB regions of RXRa and y are more related to each other
than to that of RXRp (see Leid et al., 1992, for an alignment
of RXRs).

Using the present reporter genes, we do not find any
dramatic differential effect of the modulating functions
present in the different A regions of the isoforms of a given
RAR type (a, B, or v). The A1 and A2 regions of RARa1
and a2, the A1, A2, and A3 regions of RARB1, 2, and B3
(with the possible exception of the mCRBPIl promoter), as
well as the A1 and A2 regions of RARy1 and y2, appear
to have similar modulating functions. That, however, the
modulating function present in the A1 region of RARa1 is
different from those present in the A1 region of both
RARB1 and RARy1 is clearly shown by comparing the
activation properties of RARa1 and the chimeric con-
structs between RARa1 and either RARB1 or RARy1 on
the various promoter reporters (see Table 1, comparing
RARa1 with RARB1(A~C)-a(D-F) and RARy1(A-C)~a-
(D-F)).

Conclusions and Perspectives
The present results support our initial suggestion (Cham-
bon et al., 1991; Kastner et al., 1990a) that the three a, B,
and y members of the RAR family may preferentially con-
trol the transcription of different subsets of RA-responsive
genes and indicate that the RXR family could behave simi-
larly. These transcriptional specificities result from the co-
operation between autonomous activation functions (AF-
2s) and modulating functions, which appear to be receptor
specific and whose activities are promoter context depen-
dent. It remains to be seen whether the modulating func-
tion is truly modulating in nature or, rather, corresponds to
an AF similar to steroid hormone receptor AF-1 but more
restricted in its promoter context and cell type specificity.
It has been recently demonstrated that, when compared
with the corresponding homodimers, RAR-RXR hetero-
dimers bind more strongly, albeit with variable efficiencies,
to different RARES present in naturally occurring and syn-
thetic RA-responsive promoters (B. D., M. S., P. Leroy, M.
Leid, and P. C., unpublished data; Kliewer et al., 1992a;
Leidetal., 1992; Yu etal.,, 1991; Zhang et al., 1992; S. N.,
M. S, P.K,B.D., H. N, and P. C., unpublished data).
Furthermore, these RARES generally consist of the direct
repetition of two core motifs (5'-PuG[G/T]TCA-3' or degen-
erate derivatives thereof) that are asymmetric in nature,
thus generating additional possibilities for increased diver-
sity in RAR—-RXR heterodimer binding and promoter trans-
activation. In addition, it has been found that RARs can be
activated by both all-trans RA and 9-cis RA, whereas RXRs
are activated by 9-cis RA only (see above for references).
Taken together with these findings, the existence of tran-
scriptional activation and modulating functions, whose ac-

tivities in each RAR and RXR could be promoter context
specific (i.e., cooperating in a specific fashion with the
other factors that are bound to a given target gene pro-
moter), may generate the numerous combinatorial possi-
bilities that ultimately must exist to account for the highly
pleiotropic effects of RA during embryogenesis and cyto-
differentiation and in the aduit vertebrate. It is, however,
important to stress that our present results indicate that a
certain degree of redundancy may exist, since some of the
natural promoters that have been tested could be acti-
vated, albeit to different extents, by more than one RAR
or RXR form. Genetic evidence is obviously required to
prove that such highly evolved combinatorial processes
arein fact responsible for the enormous diversity of effects
generated by the simple RA signal.

Experimental Procedures

Plasmid Constructions

The expression vectors for mRARa1, a2 (Zelent et al., 1989; Leroy et
al., 1991a), B1, 2, B3 (Zelent et al., 1989, 1991), p4 (Nagpal et al.,
1992), v1, and y2 (Zelent et al., 1989; Kastner et al., 1990a), and
mRXRa, B, and y (Leid et al., 1992) in pSG5 (Green et al., 1988) have
been described (Figure 1). For the construction of mMRARa1-mRARy1
and mRARa1-RARB1 chimeric expression vectors, Xhol restric-
tion sites were introduced by site-directed mutagenesis in mRARa1,
mRARB1, and mRARY1, first upstream of the initiator ATG (generat-
ing mRARa1(X1), mRARB1(X1), and mRARy1(X1)) and then at the
end of the C region, yielding mRARa1 (X1.X3), mRARB1(X1.X3), and
mRARy1 (X1.X3), which contain three additional amino acids (Ala-
Arg-Ala) immediately after the C region. mRARa1(X1.X3), mRARB1
(X1.X3), and mRARY1(X1.X3) A-C region Xhol-Xhol fragments were
reciprocally swapped for the construction of mRARa 1(A-C)-y(D-F),
mRARB1(A-C)-o(D-F), and mRARy1(A-C)-a(D-F) expression vec-
tors. mRARa 1(A-C)-y(D-F) contains amino acids 1-153 of mRARa.1
and amino acids 156-458 of mRARy1; mRARB1(A~C)-a(D-F) con-
tains amino acids 1-146 of mRARPB1 and amino acids 154-462 of
mRARa1; and mRARy1(A-C)-o(D-F) contains amino acids 1-155 of
mRARy1 and amino acids 154-462 of mRARa1. For the construction
of MRARaAA and mRARaAAB, mRARa 1(X1) was digested with Xhol
and Pstl, and the larger plasmid fragment containing the deletion of
nucleotides 191-624 was gel purified using diethylaminoethyl paper
(Schieicher & Schuell). nNRARaAA was prepared by polymerase chain
reaction (PCR) amplification of nucleotides 371-624 of mRARa1 by
using the primer pairs 5-TTCTCGAGCTTGCATGGCCATCGAGACC-
CAGAGCAGT and 5-CGAAACATTTCTGCAGCCGGC and subse-
quently subcloning the PCR-amplified product into Xhol-Pstl sites of
mRARa1(X1). Thus, mMRARaAA contained Met and Ala as its first two
amino acids, followed by amino acids 61-462 of the mRARa1. The
mRARaAAB expression vector contained a deletion of both A and B
regions of the receptor, except for the last four amino acids of the
B region, in addition to two extra amino acids, Met and Gly, at the
N-terminus. mRARaAAB was prepared by PCR amplification of
nucleotides 441-624 of mRARa 1 using oligonucleotide primers 5-TT-
CTCGAGCTTGCATGGGCATCTACAAGCCTTGCTTT and 5-CGA-
AACATTTCTGCAGCCGGC and subcloning the amplified product into
Xhol-Pstl-digested mRARa1(X1). Thus, it contained amino acids 84~
462 of mRARa1. The mRARYAA expression vector was constructed
by PCR amplification of the sequence encoding the B to F regions
(amino acids 60-458) of mMRARY and subcloning into EcoRI-Bglll sites
of pSG5-Cas. (pSG5-Cas is identical to pSG5 [Green et al., 1988}
but contains an EcoRI-Kpnl-Xmalli-Nael-Ball-Xhol-Bglil polylinker
sequence in tandem with the in-frame Kozak sequence and ATG initia-
tor codon.) mRARY1 B-F regions were PCR amplified using the primer
pair 5-~AGCTCGAGTCGGTGGAGACACAGAGC and 5-AGCTCGAG-
GGGCCCCTGGTCAGGTTG. The mRARyAAB expression vector was
constructed by PCR amplification of the C~F regions (amino acids 90-
458) of mRARy1 using primer pairs 5-AGGGTACCTGCTTTGTATG-
CAATGACAAG and 5-~AAGCTGCAATAAACAAGTTC and subcloning
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into the Kpnl-Bglli sites of pSG5-Cas. mRARBAAB plasmid was pre-
pared by PCR amplification of the sequence containing C-F regions
(amino acids 81-448) of mRARp2, using the primers 5-TTGGATC-
CATCATGTTCCCCTGCTTCGTTTGCCAGGACAAG and 5-TAGGA-
TCCTCACTGCAGCAGTGGTGACTG and subcloning the amplified
product into the BamHl| sites of pSG5. RARa1(A-D)-ER(EF) contains
A-D regions of human RARa (hRARa) and EF regions of human ER
and harbors amino acids 1-187 of hRARa 1 in tandem with amino acids
311-595 of human ER (S. Mader, unpublished data). nRXRaAAB was
constructed by PCR ampilification of the C-E regions (amino acids
140-467) of mRXRa, using primers 5-GCGGTACCTGTGCTATCTGT-
GGGGACCGC and 5-GCGGTACCCTAGGTGGCTTGATGTGGTGC
and subcloning into the Kpnl site of pSG5-Cas. Similarly, mMRXRBAAB
and mRXRyAAB were prepared by subcloning PCR-amplified prod-
ucts of C-E regions of mRXRpB (amino acids 123-448) and mRXRy
(amino acids 139-463), respectively, into the Kpni site of pSG5-Cas.
Oligo primer pairs used for PCR amplification for mRXRp C-E regions
were 5-GCGGTACCCGGCTCTGTGCAATCTGCGGG and 5-GCGG-
TACCTCAGGCTAGCTGGTGGGGAGC, and those used for amplifica-
tion of C—E regions of mRXRy were 5-GCGGTACCTGTGCCATCTGT-
GGGGACAGA and 5-GCGGTACCTCAGGTGATCTGCAGTGGGGT.

The reporter genes mRARB2-CAT (Smith et al., 1991), mRARo2-
CAT1 (Leroy et al., 1991b), mCRBPI-CAT1 (Smith et al., 1991),
mCRBPII-CAT1 (H. N. et al., unpublished data), mCRABPII-CAT1
(B8.D.,M.S.,P. Leroy, M. Leid, and P. C., unpublished data), (TRE3)3-
TK-CAT (de Verneuil and Metzger, 1990), and p2RARE-TK-CAT
(Smith et al., 1991) have been described. DR1G-TK-CAT was con-
structed by annealing oligonucleotides 5-TCGAGGGTAGGGGTCA-
GAGGTCACTCG and 5-TCGACGAGTGACCTCTGACCCCTACCC
and ligating them with Sall-digested pBLCAT8" (Klein-Hitpass et al.,
1988). Thus, it contains a direct repeat of the 5-PuGGTCA-3' core motif
separated by 1 nt.

Transient Transfection of Cells and CAT Expression Analysis
COS-1 cells maintained in Dulbecco’s modified Eagle’s medium plus
5% delipidated fetal calf serum (stripped of hormones) was plated at
40%-50% confluency for transfection using the calcium phosphate
procedure (Kumar et al., 1986). The amount of reporter constructs as
well as receptor expression vectors used in transfection experiments
have been indicated in the figure legends. All the assays were per-
formed in the presence of 2 pg of pCH110 (Pharmacia), a p-galactosi-
dase expression plasmid used as an internal control to normalize for
variations in transfection efficiency. The total amount of DNA in each
transfection was standardized to 20 ug using carrier DNA (Bluescript).
After 20 hr incubation with calcium phosphate-precipitated DNA, the
cells were washed with the medium before incubation for an additional
20-24 hr along with the ligand (RA at a 10° M or E2 at a 107 M
concentration), as indicated in the figure legends.

Cellular extracts were prepared and normalized for p-galactosidase
activity as described (Petkovich et al., 1987). Generally, CAT assays
contained extracts corresponding to 30 U of B-galactosidase for
mRARB2-CAT and mCRABPII-CAT1; 50 U for mRARa2-CATt,
mCRBPI-CAT1, and mCRBPII-CAT1; 10 U for (TRE3)3-TK-CAT; 5 U
for DR1G-TK-CAT; and 2 U for B2RARE-TK-CAT. The CAT activity
was quantified by scintillation counting.

Receptor expression vectors were overexpressed by transfection of
COS-1 cells with 10 ug of the wild-type or mutant receptor plasmids.
Whole-cell extracts were prepared by lysing the cells in 100 pul of high
salt extraction buffer (0.4 mM KCI, 20 mM Tris-HC! [pH 8.0], 2 mM
dithiothreitol, 20% v/v glycerol, and protease inhibitors) by 3 cycles of
freeze-thaw. The extracts were centrifuged at 10,000 x g for 15 min
at 4°C to remove cell debris.

Quantification of Receptors in Transfected COS-1 Cells

by Gel Retardation/Shift Assay and Western Blotting

The amount of the various receptors was quantified both by Western
blotting and by using both gel retardation assays in the presence of an
excess of either hRXRB (in the case of RARS) or bacterially produced
hRARYy (in the case of RXRs) to ensure efficient binding of the receptors
as heterodimers. For gel retardation, protein extracts from COS-1 cells
transfected with the various expression vectors were preincubated in
10 mM Tris-HCI (pH 7.5), 100 mM KCI, 1 mM dithiothreitol, 1 mM
EDTA, 0.5 mM MgCl,, 5% glycerol, and 4 ug of poly(di-dC) for 15 min

on ice. Subsequently, 50,000 cpm of P-labeled oligonucleotide probe
(~ 14 fmol) was added in a total volume of 20 ul and incubated for an
additional 15 min on ice. For quantitative gel retardation analysis of
various mRAR isoforms, COS-1 cells were transfected with 2 ug of the
receptor expression vector. Cell extract (3 pg of protein) was preincu-
bated with excess hRXRB (2 ng of semipurified RXRp fraction; Leid et
al., 1992) in gel retardation buffer on ice for 15 min. For quantitative
gel retardation analysis of mRXRa, B, and v, transfected COS-1 cell
extracts were incubated with an excess of bacterially produced hRARy
(Leid et al., 1992). No binding was observed with either hRXRB or
bacterially produced hRARy alone. Protein—-DNA complexes were re-
solved by electrophoresis (25 mA for 1 hr) on a 5% polyacrylamide gel
prepared in 0.5x TBE (0.09 M Tris-borate, 0.09 M boric acid, and
0.002 M EDTA). The gels were dried and autoradiographed with inten-
sifying screen at —80°C. The specificity of the RAR-RXR complexes
was confirmed either by supershift assay, using mouse monoclonal
antibodies against mRARs (Rochette-Egly et al., 1991; Gaub et al.,
1992; S. N. et al., unpublished data), or by using excess (100-fold) of
unlabeled wild-type or mutant RARE from the RARB2 gene (Nicholson
etal., 1990) as competitors during the firstincubation. Western blotting
of RARs was as described (Rochette-Egly et al., 1991; Gaub et al.,
1992; S. N. et al., unpublished data).
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