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Determination of the genetic interactions responsible for definition of the
body plan during embryogenesis remains one of the most interesting problems
in developmental biology. Different species employ rather diverse strategies
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in establishing ultimate body plan or pattern. One basic mechanism found in
many phylogenetically unrelated invertebrates such as echinoderm and nema-
tode (28) is asymmetric cell division involving canonical patterns of cell
cleavage during blastula formation; cleavage planes formed during cell divi-
sion define spatial domains restricted to specific cell fates. Although some of
the differentiated cell types in these organisms depend on cell-cell interactions
(48), certain cell lineages appear to be established by the inheritance of
regionally sequestered maternal factors (28).

In another strategy, which is the predominant mechanism in higher ver-
tebrates, the establishment of axial polarity and the patterning of cells depend
on local signals distributed in the form of gradients that derive from restricted
regions of the embryo (93). In addition, identity of cell lineages, and the
ultimate patterns of differentiation in their progeny, depend qualitatively on
contact with other cells, either directly or via signal molecules. In vertebrates,
early cell lineages arising from blastomeres are for the most part in-
determinate (28, 73, 115). Lineage indeterminacy suggests that the establish-
ment of cell fate requires position-dependent cell interactions that may begin
as early as cleavage (28, 32). However, positional information is required not
only during the very early stages of development but as long as cells remain
multipotent, even throughout adulthood. Consequently, numerous signal
molecules have been identified, such as retinoids, fibroblast growth factors
(FGFs), and wransforming growth factors (TGFBs), which play important
roles in the determination of cell fate both in the embryo and in the adult (2,
20, 32, 92).

Retinoids and Development

A major breakthrough in the study of signal molecules and pattern formation
in vertebrates has come from recognition that certain metabolites of vitamin
A,! retinoic acid (RA) in particular, are able to re-specify positional cues in
the chick limb bud in a dose-dependent manner (41). More recently it has
been shown that retinoic acid may also play an essential role in the establish-
ment of the primary embryonic axes (la, 40, 42, 129, 149).2 The effective-
ness of RA as a potent inducer of cell differentiation is not limited to
embryonic tissues; the epithelium, connective tissues, including bone and
cartilage, as well as hematopoetic tissues are some of the better known RA
targets in the adult (99, 107, 113, 133, 134, 158, and references therein). The
pleiowropy of RA activity has supported the hypothesis that RA may function

'A comprehensive review on retinoid metabolism can be found elsewhere in this volume.

2A complete discussion of the physiological effects of RA is beyond the scope of this review;
several excellent reviews have been published recently on the effects of retinoids on vertebrate
development (12-14, 41, 63, 72, 138).
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through several different pathways. However, the identification of RA nu-
clear receptors, which belong to the steroid hormone receptor superfamily
(50, 106), suggests that RA may effect cellular responses mainly through the
regulation of gene transcription (43, 56). Can the ability of RA to regulate
gene expression through these receptors alone account for the diversity of RA
responses? In this review, an attempt has been made to summarize what is
known about retinoic acid receptors and to describe how they might directly
or indirectly interact with other cellular components to generate diversity in
cellular responsiveness to RA.

RETINOIC ACID RECEPTORS

Nuclear Receptor Structure and Function

At present, more than 30 members of the nuclear receptor family have been
identified (43, 56). Specific ligands for many of these receptors include the
steroid hormones estrogen, androgen, mineralocorticoid, glucocorticoid, vita-
min D3, and progesterone (43, 56). However, the discoveries that the actions
of thyroid hormone and retinoic acid are also mediated through such nuclear
receptors indicated that this class of transcription factors has evolved to
recognize many structurally unrelated ligands (43, 50, 56, 106). Indeed,
given the growing number of orphan receptors (nuclear receptors for which
ligands have not yet been identified) and the present lack of obvious pro-
spective ligands, it is likely that the molecular nature of activating ligands will
further diversify. Despite the structural unrelatedness of ligands, nuclear
receptors are remarkably well conserved (43, 56). Little variation is found in
the linear arrangement of their functional elements, which typically comprise
six domains (43, 52, 56), denoted A-F in Figure 1. Also the degree of amino
acid identity between physiologically unrelated receptors is striking, particu-
larly in the DNA- and ligand-binding regions. Although each nuclear receptor
exhibits peculiarities distinguishing it from others in the family, the conserva-
tion of basic structure suggests conservation of basic function as well (43, 45,
47, 56, 77). Consequently, structure/function relationships for one subclass of
receptors can in many cases be inferentially applied to another, but always
with due caution. In many respects (described below), the retinoic acid
receptors resemble other steroid receptors; however, they also display features
unique to this subclass.

The DNA-Binding Domain

The DNA-binding domain, region C, is the hallmark of the nuclear receptor
family. Of the 66-68 amino acids that make up this domain, 19 residues are
invariant, including 8 cysteine residues involved in chelation of 2 Zn?* ions,
thus forming the base of the two so-called Zn-binding fingers (60, 86). X-ray
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Figure 1 The retinoic acid receptor family (RARs). Schematic comparison of the murine RAR
proteins. The basic linear organization of nuclear receptor functional domains is shown at the top
of the figure (see text). The primary amino acid sequences (numbered above the protein swucture)
have been aligned on the basis of sequence identity, the percentage of which is indicated in the
table at the bottom of the figure. The DNA- and hormone-binding domains are indicated. The
subdomains of region D in the RARs are indicated by the hatched lines (see text for details).

crystallographic studies of the glucocorticoid receptor DNA-binding domain
indicate that unlike other finger-containing proteins such as TFIIIA, whose
fingers act as independent units, each contributing to DNA binding, the zinc
fingers of nuclear receptors fold together as part of a larger, more integrated
globular domain (86). These studies further indicate that the most N-terminal
finger (C1) of the glucocorticoid receptor (GR) DNA-binding domain adopts
a configuration allowing its close apposition to key nucleotide residues in the
cognate hormone responsive element (HRE; discussed below) that are impor-
tant for binding selectivity (86 and references therein). The second finger (C2)
may stabilize this binding through nonspecific interactions. Crystallographic
analysis of the GR, and NMR studies on the eswogen receptor (ER) and GR
DNA-binding regions, confirm earlier studies showing (a) that swapping the
C1 finger between the ER and GR was sufficient to trade specificities for the



Annu. Rev. Nutr. 1992.12:443-471. Downloaded from www.annualreviews.org
by Texas State University - San Marcos on 01/04/12. For personal use only.

NUCLEAR RETINOIC ACID RECEPTORS 447

estrogen and glucocorticoid responsive elements and (b) that three amino acid
residues in the C1 finger were implicated in this specificity (26, 77, 87, 144).
Retinoic acid receptors (RARs) were first isolated by virtue of their se-
quence similarity to other nuclear receptors in the DNA-binding region (50,
106). Subsequently, three types of retinoic acid receptors (RARs), RAR-a
(50, 106), RAR-B (11), and RAR-7y (67, 75), have been isolated from several
species of vertebrates. When compared with other members of the nuclear
receptor family, the retinoic acid receptors exhibit a similar structure showing
the highest degree of homology in the DNA (C) binding region. For example
the 66 amino acid RAR-« region C (see Figure 1) is 62%, 58%, and 45%
homologous to the corresponding domains of the thyroid hormone receptor
(c-ErbA), ER, and GR, respectively. When compared with each other, the
RARs are almost completely identical in region C (see Figure 1). Figure 2
shows the hypothetical structure of the human RAR-a region C as it might be

I._.[\
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Figure 2 Schematic re presentation of the mouse RAR-& DNA-binding domain bound to DNA.
Hypothetical modelling of the DNA-binding domain based on the resolution of the glucocorticoid
rece ptor DNA-binding domain (see text for references). The amino- and carboxy-terminal ends
(residues 88 and 153, respectively) are indicated as are the two “zinc-finger” domains C1 and C2
(see text). Zinc ions are depicted by solid discs. Residues marked by asterisks correspond to the
D-box referred to in the text. Arrows indicate amino add residue substitutions found in mouse
RAR-B and -y (mB and my respectively) and zebrafish RAR-y; zfy.
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folded together to contact DNA. The few differences in amino acid sequence
between RAR «, 3, and ¥ are noted in the diagram. In addition, the
conservation between region C of zebrafish RAR-y and mouse RARs is also
noted. This comparison illustrates that this sequence has remained essentially
unchanged for over 450 million years.

Responsive Elements

DNA sequences required for the action of particular classes of nuclear recep-
tors have been identified. For example, several natural glucocorticoid respon-
sive elements (GREs) contain an imperfect inverted repeat of the conserved
hexanucleotide TGTTCT, separated by a spacer of three nonconserved nuc-
leotides (26, 87, 144, and references therein). Receptors for androgens,
mineralocorticoids, and progestins, each of which on the basis of amino acid
sequence homology have been classified as belonging to the GR subfamily,
also appear to share specificity for this target site motif (26, 87, 90, 144). The
estrogen responsive element (ERE), though similar in structure to the GRE,
contains the conserved hexanucleotide TGACCT (56). Most of the other
members of the nuclear receptor family, including the RARs, belong to the
estrogen receptor/thyroid hormone receptor (ER/TR) subfamily (also on the
basis of amino acid homology) and display varying degrees of cross-
recognition of palindromic responsive elements containing canonical or de-
generate forms of the ER-type half-site TGACCT (90). However, as first
noted for the RARs, the spacing between ER-type response element half-sites
as well as their relative orientation appears to be important for the selective
discrimination of target responsive elements by members of the ER/TR
subfamily (26, 145). For example, whereas palindromic thyroid hormone
responsive elements (TREs) (e.g. TGACCGGTCA) confer retinoic acid
responsiveness to heterologous promoters, direct repeat TREs do not (26,
145). Recent studies indicate that the presence of 3, 4, or 5 spacer nucleotides
between direct repeats of the TGACCT (or inverted AGGTCA) half-site will
determine the specificity of response to vitamin D3, T3, and RA, respectively
(26, 145). However, response element configuration alone is insufficient to
specify receptor-target gene interactions. How do GR target sites for the
GRE:s select for response to the GR when progesterone receptors (PR) and
androgen receptors (AR) appear to recognize the target element equally well?
Even more puzzling, do RA responsive elements (RAREs) exist that are
specific for RARe, B, and 7y subtypes?

RARESs and RARs

Minor differences between the DNA-binding domains of the three RARs
appear to be conserved between species (e.g. see Figures 1 and 2). Could
these minor changes target subtle differences in RAREs? Co-transfection of
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the RAR subtypes «, B, and y with various RARE promoter constructs has
thus far failed to reveal selectivity for one subtype over another (116, 136).
Unfortunately, co-transfection experiments in which receptor and target copy
numbers greatly exceed physiological levels might create conditions that
favor nonspecific interactions between receptor and target and thus obscure
the more subtle protein-DNA and/or protein-protein contacts required for
specificity. In this regard, it is interesting to note that in transgenic mice
harboring a construct containing the RARE from the RAR-B promoter and a
“neutral” promoter (hsp 68) spliced to a (-galactosidase (lacZ) encoding
reporter gene, the resulting pattern of lacZ expression closely resembles that
of the RAR-S gene (116), even though in transient transfection experiments
the same RARE was recognized by all three RARs (116, 136). Since RAR-«
gene expression is ubiquitous throughout most developmental stages, and
RAR-y is expressed in regions of the embryo different from RAR-S, this
particular RARE apparently displays a preference for the latter (116, 119,
130). However, these results may also indicate the requirement for the
coexpression of factors other than RARs in tissues in which the RARE is
active (see below).

Although the expression of many genes appears to be regulated by RA (e.g.
21, 23, 29, 35, 57, 65, 68, 78, 84, 85, 107, 133, 137, 142, 146), relatively
few RA-responsive elements (RAREs) have been characterized. One of the
first naturally occurring RAREs to be characterized was found in the RAR-S
promoter (23, 64). In both the human (23) and mouse (64) forms of this
promoter, which exhibit extensive homology with each other, the RARE is a
direct repeat of the motif GTTCA separated by a gap of 6 nucleotides. Related
RAREs have been identified in other genes, including the human alcohol/
dehydrogenase promoter (145), the mouse complement factor H gene promo-
ter (97, 145), the mRAR-a2 isoform promoter (81), and the mouse cellular
retinol-binding protein type-I (mCRBP1) (132). For the RAR-B82 RARE,
mutagenesis has demonstrated that both repeats are essential for RAR binding
(98, 122). Moreover, the 6 nucleotide spacing is optimal, although a spacing
of 3 nucleotides was also shown to be effective both in binding RAR and in
conferring RA responsiveness to a heterologous promoter (122).

Although the kinetics of receptor binding to response elements has not been
thoroughly investigated, within receptor subclasses some degeneracy in re-
sponse elements clearly is permissible. As mentioned above, the ER will not
bind detectably to a GRE but will bind to certain degenerate forms of the
ERE. Similarly, the GR does not bind detectably to EREs. In some instances
an ERE half-site (TGACCT) has been shown capable of confering estrogen
inducibility to a promoter. However, if the formation of an ER dimer is
required for estrogen-inducible transactivation, and one ER monomer binds to
one half-site, how is this possible? Perhaps a receptor dimer can still func-
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tionally bind to a half-site. In this case, one ER monomer would make
specific contacts with the half-site while the second would make nonspecific
contacts with adjacent nucleotides. Results from crystallographic studies of
the GR suggest that this may indeed be the case (86). These studies show that
the DNA-binding domain of the GR is capable of making contacts with
non-GRE motifs as long as there is a stabilizing interaction with another
monomer bound to a half-site (86). Thus if this kind of interaction is wide-
spread, isolated half-sites that confer hormone responsiveness may in fact be
binding receptor dimers. Furthermore, receptors may functionally interact
with “poor” or “nonconsensus” responsive elements provided that this interac-
tion is stabilized by “strong” or “specific” protein-protein contacts with other
proteins bound to DNA. Although this latter possibility has yet to be demon-
strated experimentally, some evidence suggests that certain nuclear receptors
interact specifically with other proteins bound to DNA (see below).

The laminin B1 (LamB1) promoter contains several degenerate forms of
isolated ERE half sites that have been shown to be important for the RA
responsiveness of this promoter (147, 148). The LamB1 RARE:s appear not to
be selective for a particular RAR subtype in transient transfection experiments
(147, 148). Do RARs bind to these sites as monomers, homodimers, or
heterodimers? Furthermore, since the most efficient RARE is in the form of a
direct repeat of half-sites rather than inverted, as would be the case for the ER
or GR, how might RAR monomers be oriented with respect to each other?
Since evidence suggests that other nuclear receptors may form heterodimers
with RARs (Ref. 54 and see below), it will be interesting to see how
RAR-RAR or RAR-nuclear receptor contacts differ from those of ER and GR
homodimers.

The Ligand-Binding Domain

The ligand-binding region of nuclear receptors, characterized by the moderate
degree of conservation it displays with other members of the receptor family,
fulfils numerous functions. For those receptors known to bind specific
ligands, mutational analyses have unequivocally demonstrated the importance
of this region for ligand binding (43, 56, 77). Other functions ascribed to this
region, such as receptor dimerization and transcription activation, have been
shown to be ligand dependent (44, 45, 58, 151). The molecular nature of the
ligand dependency of these functions has not yet been defined. For receptors
such as the PR, GR, and ER, one model suggests that the binding of ligand
dissociates the receptor from the protein-inactivating function of the heat-
shock protein HSP 90, thus permitting receptor dimerization, high affinity
DNA binding, and transcriptional activation to occur (92, 108-110). Howev-
er, recent studies using in vitro transcription systems indicate that hormone-
dependent transcription activation can occur in the absence of heat shock
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proteins (4). Furthermore, there is no evidence that nuclear receptors such as
RAR, TRs, and vitamin D5 receptor (VDR) form complexes with Hsp 90 (25,
107). The ligand binding domains of receptors for structurally unrelated
ligands share significant regions of homology (43, 56), Perhaps the key to the
mechanism of ligand activation is formed in the amino acid residues that are
conserved among these different receptors.

The retinoic acid receptors exhibit almost complete conservation in their
retinoic acid binding domains (see Figure 1). Of the 220 amino acids that
make up this domain, all but 35 residues are identical when RAR-«, -8, and
-y are compared with each other. In addition, most of these subtype specific
residues are also conserved when these receptors are compared with their
respective counterparts in other species. Therefore, it seems likely that these
amino acid differences are indicative of important functional differences
between the three RAR subtypes.

The ligand-binding region (E) of the RARs may, like other nuclear recep-
tors, be involved in several functions: (a) ligand binding, (b) receptor di-
merization, and (c¢) transactivation.

LIGAND BINDING The RAR retinoic acid binding domain has been defined
as a 220 amino acid region in the C-terminal half of these receptors. This
region was originally designated as the RA-binding region because of its
relative homology to ligand-binding domains of other steroid receptors (92,
106). Investigators have now shown that when the C-terminal portions of
RAR-a and RAR-B, extending from the beginning of region D to the C-
termini, are expressed in Escherichia coli, they bind retinoic acid apparently
as efficiently as do whole receptors (16, 24, 136, 156).

When human (hRAR-a) and mouse (mRAR-f3) were compared with re-
spect to their abilities to activate reporter gene transcription, approximately
5-10 fold higher concentrations of RA were required to achieve the same
level of activation with RAR-a as was achieved with RAR-3 (11). This study
provided the first evidence that the abilities of the three receptors to bind
retinoic acid could be different. With the identification of RAR-vy, transcrip-
tion activation studies suggested that, of the three receptors, RAR-y might
have the highest affinity for RA (51). The notion that these differences might
be exploited to identify synthetic subtype-specific retinoid analogs has led to
the identification of several such compounds exhibiting subtype preference
(3, 16, 61, 113, 141). One example is the retinobenzoic acid compound
Am80 (24, 139), which activates RAR-a with a higher apparent affinity than
it does RAR-, the converse of observations with RA. Interestingly, Am80,
which binds cellular retinoic acid binding protein (CRABP) with a much
lower affinity than does RA, mimics exactly the effects of RA in causing digit
duplications in chick wing bud experiments (139).
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Tagged onto the C-terminal end of the ligand-binding domain is region F.
Little is known about the function, if any, of this region of the RARs.
Although it is relatively well conserved between man and mouse, little
homology is seen in more divergent species such as Xenopus (42), newt
(111), and zebra fish (J. White and M. Petkovich, unpublished).

RAR DIMERS AND HETERODIMERS Receptor dimerization has been shown
to occur for many receptors (44, 45, 80, 86). Crystallographic and NMR
analyses of the ER and GR indicate that dimerization occurs at least in part
through interactions between DNA-binding domains (86). Several structure/
function studies have also indicated an important role for the ligand-binding
domain in the dimerization process. The identification of a conserved motif in
ligand-binding domains of various nuclear receptors including the TR and
RARs, which is reminiscent of the a-helical “zipper” motifs (47, 79) that
mediate homo- and heterodimer formation between the transcription factors
c-jun, C/EBP, DBP, and c-myc, indicated a possible point of interaction
between receptors (44-46, 62, and references therein).

The formation of homodimers is essential for the function of many
transcription-regulating proteins. This appears to be the case for several
nuclear receptors including the ER and GR (44, 76, 135, and references
therein). The existence of multiple genes encoding RARs, each of which
through alternate exon usage can give rise to several different isoforms (see
below), raises the possibility that RAR homo/hetero dimer formation may be
an important regulatory mechanism. Co-transfection studies indicate that the
RAR-v2 isoform can inhibit the activity of RAR-B (66). Whether this an-
tagonism is the result of heterodimer formation or due to competition for
limiting transcription factors is not clear.

Cross-linking studies have shown that the TR and RAR-a may form
complexes with several distinct nuclear proteins (co-regulators) that are ex-
pressed in a cell-dependent fashion (27, 46, 54, 55). These interactions are
apparently mediated by protein-protein interactions occurring through the
ligand-binding domain “zipper-like” motif (44—46, 54, 103). Although the
identities of these co-regulators are under investigation in several laboratories,
at least one of them corresponds to another nuclear receptor, TR (54). This
relationship between RAR and TR has been quite revealing in terms of the
oncogenic activity of the v-erbA TR derivate and is discussed in further detail
below. Nuclear receptors other than TR are likely to form complexes with
RARs. Most recently, a novel class of retinoid receptors (RXRs) has been
characterized (88). Interestingly, RXRs have been shown to form heterodim-
ers with RARs, thereby enhancing manyfold RAR binding to RAREs (see
below). Furthermore, transcription activation studies indicate that cer-
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tain intermediary factors functionally, and perhaps physically, link the
nuclear receptors to the transcriptional machinery (see below). The nature of
these intermediary factors remains to be determined.

TRANSCRIPTION ACTIVATION FUNCTIONS Several classes of domains are
capable of mediating transcriptional activation; many of them are acidic in
nature, such as the yeast transcription factor Gal4 and the herpes simplex
virus protein VP16 (151, 152, 154, and references therein). Studies with
hormone receptors have shown that regions important for transcription activa-
tion can be found both in the N-terminal A/B domains as well as in the
ligand-binding domain (region E) (140, 143, 151). Interestingly, the A/B
region activation domain can function independently of ligand, whereas the
C-terminal activation domain appears to be hormone dependent (140, 151).
Neither of these domains in the estrogen receptor contains stretches of acidic
amino acids whereas both comparable domains in the glucocorticoid receptor
(71, located in the A/B domain, and 72, in the N-terminal regiona of the
glucocorticoid-binding domain) are acidic in content.

By expressing portions of these receptors either alone or as chimeras with
other transcription factors, researchers have demonstrated that the two sepa-
rate transactivation domains in steroid receptors can function independently
by interacting with different, specific intermediary factors (140, 151, and
references therein). These intermediary factors are currently uncharacterized.

N-TERMINAL REGION ISOFORMS Several classes of steroid receptors in-
cluding those for progesterone, retinoic acid, and thyroid hormone exhibit
alternative exon usage in the most N-terminal or A/B region of receptors (71,
75, 140, 143, 155). The PR exists in two forms, which differ in their A
domains and exhibit both cell-type and promoter specificity in their ability to
activate reporter gene transcription (143). Possibly, each of the two different
N-terminal alternate regions of the PR interacts with different intermediary
factors that exhibit cell-specific patterns of expression (140). This possibility
is particularly interesting given that several alternate A regions for each of the
three RAR subtypes (a, 3, and ) as well as for TR- have been characte-
rized. Expression of these alternative A regions, at least for the RAR and PR,
appears to be regulated independently by different promoters in a tissue-
specific manner (81, 159).

At least seven different isoforms have been identified for mouse RAR-a,
three for RAR-B, and seven for RAR-y (51, 71, 159). For most of these
isoforms, regions B through F (Figure 1) are constant (10). The functional
importance of the A region for RARs is not know. However, sequence
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comparisons with homologous isoforms found in species other than mouse,
chicken (100, 131), man (75), newt (111), Xenopus (42), and zebra fish (J.
White and M. Petkovich, unpublished) reveal a high degree of conservation.
Although the tissue-specific distribution of most of these isoforms is not
presently known, several of the isoforms have been expressed in a temporally
and spatially restricted manner. For example, whereas the RAR-al isoform is
ubiquitously expressed, RAR-a2 appears to be specifically expressed in
intestine and lung with only trace amounts of transcript detectable in other
tissues (81). Similarly, RAR-B2 is found in kidney, heart, and skeletal
muscle, whereas the RAR-f1 and -33 isoforms are expressed more abundant-
ly in brain, lung, and skin. RAR-vy1 is the predominant RAR-vy isoform
expressed in skin, and both RAR-y1 and -2 isoforms are expressed during
embryogenesis; the RAR-y2 isoform is expressed more abundantly during
early stages of development (71). Interestingly, certain isoforms of RAR-a
and -8 appear to be regulated by different promoters (81, 159). The expres-
sion of RAR-a2, for example, could be induced by retinoic acid in embryonal
carcinoma cells, whereas RAR-a1 appears constitutively expressed (81). In
addition, each different isoform mRNA contains a different 5'-stretch of
noncoding mRNA that may affect its stability or translation efficiency in a
tissue-specific manner (74).

Sequence comparisons between RAR-al, RAR-B1, and RAR-vyl or be-
tween RAR-a2, RAR-B2, and RAR-y2 reveal significant homologies be-
tween these different subtype isoforms. These homologies indicate that the
related subtypes may have functional similarities (17). The functional dif-
ferences between A regions remain to be determined, yet the tissue-specific
distribution, independent regulation of different isoforms, and evolutionary
sequence conservation strongly suggest that specific differences do exist (17).

Hinge Region: Region D

The region joining the ligand- and DNA-binding domains (region D) has
gained little attention, because its sole purpose for the ER and GR appears to
be to serve as a structural joint between the two functional domains (43, 56).
The RARs, however, exhibit an unusual degree of subtype-specific sequence
conservation in this region (158). On the basis of homology, this region can
be subdivided into three separate regions: D, D,, and D3 (158) (Figure 1).
The most N-terminal subdivision is conserved 14 out of 15 residues between
RAR-a, -3, and -y (Figure 1) and contains a sequence resembling the nuclear
localization signal for the large T antigen (106) while the most C-terminal
region, D5, is completely conserved (7/7 residues). The central region D, is
less than 50% conserved when RAR-«, -8, and -y are compared with each
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other but is almost entirely conserved in cross species comparisons (17). For
example the hRAR-y D, is identical in 17 out of 24 residues with respect to its
zebra fish counterpart (J. White and M. Petkovich, unpublished). This degree
of conservation indicates that the D region plays a specific functional role that
possibly is unique to this class of receptors. The importance of this region
remains to be determined.

RAR Phosphorylation

Several classes of nuclear receptors including the PR, GR, ER, VDR, and TR
are posttranslationally modified by phosphorylation (31, 69, 114). Recently,
RAR-vl has also been shown to be phosphorylated (114). Although the
phosphorylated amino acid residues were not identified, regions A/B and D
were shown to be targets of phosphorylation (114). Both regions A/B and D
of RAR-vy contain several kinase recognition motifs for serine phosphoryla-
tion (see Table II in Ref. 114). Although the phosphorylation of PR, GR, and
VDR could be increased by the presence of their respective ligands, this was
apparently not the case with RAR-y (31, 69, 114). What function
phosphorylation serves for nuclear receptor function has yet to be determined;
however, D region phosphorylation may be important in nuclear localization.
Furthermore, amino-terminal phosphorylation would not be inconsistent with
the possibility that phosphorylation may modulate the efficiency of transcrip-
tion activation (114).

Developmental Expression of RARs

The three genes encoding RARs are differentially expressed during mouse
development. Several comprehensive studies comparing the temporal and
spatial distribution of RAR, CRBP, and CRABP mRNA transcripts have been
carried out in mouse (15, 38, 39, 94, 119, 120) and chicken (123, 131), and
the reader is directed to these studies for detailed accounts of expression
patterns. These studies show that RAR expression is widespread throughout
various developing tissues and organs but is topographically restricted in a
subtype-specific manner (38, 39, 119, 120). RAR-a in general is rather
ubiquitously expressed. However, as previously discussed, at least one iso-
form of RAR-« exhibits a more tissue-specific pattern of expression (81).
Tracheal epithelium has long been suspected as a prime target for the effects
of RA. The expression of RAR-f in trachea, among other epithelial tissues,
implies that this subtype has a particular role in mediating retinoid effects.
Skin is an important RA target tissue and RAR-y appears to be the pre-
dominantly expressed RAR in this organ (102, 158). Similarly, the expression
of RAR-v in chondrogenic regions is consistent with previous studies describ-
ing effects of retinoids on bone growth and development (107, 120). This is
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particularly noteworthy in the developing vertebrate limb where RAR-y
expression appears to be restricted to precartilagenous condensations that will
eventually form the bone models (38, 120).

Regulating RAR Function: Interactions with Other Gene
Products

OTHER TRANSCRIPTION FACTORS Several lines of evidence indicate that
membrane and nuclear receptor signalling pathways converge on common
regulatory elements and can exert opposite effects on gene transcription. For
example, it has been shown that a site in the human osteocalcin promoter can
be recognized both by the VDR and RAR as well as by the AP1 site binding
proteins c-jun and c-fos. Whereas this responsive element can mediate induc-
tion of osteocalcin gene transcription by RA and vitamin D3, the coexpression
of c-jun and c-fos suppresses basal transcription of this gene as well as
induction by the two vitamins (125). Whether these opposing effects of the
receptors and fos/jun complex are the result of direct protein-protein in-
teractions or of competition for the common DNA motif is not clear. Con-
versely, studies have shown that the collagenase promoter is positively reg-
ulated by the AP-1 site, which binds the fos/jun complex, and that this
positive regulation can be blocked by the GR (37, 124, 157). DNA binding
and protein cross-linking experiments indicate that a direct interaction be-
tween the GR and either fos or jun is responsible for the mutual corepression
(157).

Interestingly, the promoter of interstitial collagenase and a synthetic AP-1-
dependent promoter were repressed both by RAR-a and the thyroid hormone
receptor (c-ErbAa) in a ligand-dependent manner. The mechanism of this
repression is like that of the GR and is also thought to be through a specific
receptor-mediated decrease in activity of c-fos/c-jun, which positively regu-
late these promoters (33). Without the AP-1 site, RAR-a and c-ErbA-a do not
affect promoter activity (33, 99). Although there is no evidence as yet that
RAR-« and c-Erb-a are directly interacting with c-fos and/or c-jun proteins,
the v-erbA oncoprotein (126), in a dominant negative fashion, abrogates the
RAR-a mediated repression of AP-1 activity. Possibly, v-erbA competes with
RAR-a and c-ErbA for receptor-binding sites, but due to specific mutations in
its C-terminal region, v-erbA is unable to inactivate or repress AP-1 activity.
Such a mechanism may account for the oncogenic activity of v-erbA. Since
c-ErbAa has been shown to form heterodimers with RAR-a (53, 54), a
similar heterodimer formed between v-erbA and RARa might be inactive (33,
53, 54).

Although the exact nature of receptor-fos/jun interactions is not known,
such interactions may be essential for the reciprocal control of cell prolifera-
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tion and differentiation. Such interactions may also provide a basis for
understanding some of the mechanisms underlying the hormonal responsive-
ness of tumors.

CELLULAR RETINOIC ACID BINDING PROTEINS In addition to the RARs,
small intracellular retinoic acid binding proteins (CRABPs) have also been
identified (5, 49, 127, 128, 134, 153). CRABPs belong to a multigene family
of proteins that includes the retinol binding proteins CRBPI and II (5, 49) as
well the myelin protein P2 (91) and fatty acid binding protein (FABP) (91).
These proteins, which are approximately 15 kd in size, do not bear an obvious
similarity to any known transcription factors (128), nor is there any similarity
in the structure of these proteins with the RAR ligand-binding domain; yet
they bind RA selectively and with high affinity. The function of these proteins
is unknown; however, the lack of expression of these proteins in certain
RA-responsive target tissues and cells suggests that CRABPs are not directly
involved in mediating RA effects (15, 134). Recent studies have shown that
CRABP-I, when stably transfected into F9 teratocarcinoma stem cell lines,
can inhibit RA-induced differentiation into extraembryonic endoderm (9).
This finding supports the notion that CRABPs may limit the amount of RA
available to the nuclear receptors, thus attenuating RA effects on gene regu-
lation (87). This model is consistent with the observation that sites of ex-
pression of CRABPs, such as in the developing central nervous system,
craniofacial area, and limbs, are targets for retinoid teratogenicity (6, 15,
112).

RETINOID X RECEPTORS

In addition to the RARs, a second family of nuclear receptors, the retinoid X
receptors (RXRs), appear to be involved in mediating cellular responses to
retinoids (59, 88, 118). Their structures are shown in Figure 3. RXR-a was
identified by low stringency cross-hybridization with the RAR-a DNA-
binding domain (88) while RXR- (H-2R11BP) was identified as a transcrip-
tion factor binding to the region II enhancer of major histocompatability
complex (MHC) class I genes (59). A closely related receptor has recently
been identified in Drosophila melanogaster; however, this RXR-like receptor
neither binds retinoids nor activates gene expression in a RA-dependent
manner (104). Although RARs and RXRs differ substantially in primary
structure (see Figure 3), RXRs respond specifically to RA (88, 89). The
degree of homology between RXR-a and RXR-B in both the DNA- and
ligand-binding domains is greater than 85% (Figure 3). RXR-a requires
relatively higher concentrations of RA for activation than do the RARs (88).
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Figure 3 (a) The retinoid-X-receptor (RXR) family. Schematic comparison of the amino acid
sequence homology between RAR-a and mouse RXR-a, RXR-f, and RXR-7. Protein residues
are indicated above the protein structures. Only the DNA-binding and ligand-binding domains of
RXRs exhibit significant amino acid identity with RAR-a (shown by the shaded and solid regions
respectively). Sequence comparisons between the three RXRs indicate almost complete conserva-
tion of DNA- and ligand-binding regions (>90%) (see reference 80a). (b) Structural representa-
tions of all-trans (top) and 9-cis (bottom) isomers of retinoic acid.
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In co-transfection experiments, well-characterized retinoid analogues (e.g.
TTNBP) were much less effective at stimulating a transcriptional response
with RXR-a than with RAR-« (88). These results suggest that RXR-a might
be specific for a retinoid other than RA (7, 88). Recently, 9-cis isomer of RA
has been identified as a likely candidate for the RXR ligand (Figure 8b) (62a).
This naturally occurring retinoid binds to RXRs with higher affinity than does
all-trans RA, the metabolite from which it is derived (62a, 81a).

RXR-a and RXR-B exhibit unique tissue-specific patterns of expression
distinct from those seen for the RARs (59, 88, 118). Interestingly, the tissue
distribution of the chicken RXR-a (cCRXR-a) overlaps extensively with that
for CRABP (118) in the developing peripheral nervous system; however, it is
not clear whether RXR and CRABP functions are in any way integrated
(118). Comparatively high levels of RXR-a expression have been observed in
both chicken and rat liver (88). This high level of expression in the liver may
suggest a regulatory role for RXR-a in retinoid metabolism and transport
(88). Note that RXR-a is also expressed in the intestinal villi (118), where it
may be involved in regulating the genes involved in retinol transport (118,
and see below). Less is presently known about the expression of RXR-;
however, Northern blot analysis indicates that unlike RXR-a, RXR-f is not
highly expressed in the liver and may be specific for the central nervous
system (59, 88). A third RXR, RXR-v has recently been identified (80a);
however, little is presently known about its tissue-specific expression.

Although the RXRs, like RARs, can recognize several ERE and thyroid
hormone responsive element (TRE) related elements, at least two responsive
elements that confer differential regulation by RARs and RXRs have been
identified (89, 117). One of these elements is located in the upstream region
of the cellular retinol-binding protein-type II (CRBPII), which is thought to be
important in the movement of vitamin A across the intestinal lumen (89). This
element is unusual because it contains five nearly perfect tandem repeats of
the sequence AGGTCA that are separated by single spacer nucleotides (89).
Furthermore, although both RAR and RXR can bind to this responsive
element, only RXR can activate reporter gene expression in co-transfection
experiments (89). Co-expression of RAR with RXR in these experiments
resulted in almost complete inhibition of transcription activation (89). A
second RXR-specific responsive element was recently identified in the apoli-
poprotein Al (apoAl) gene. ApoAl encodes a plasma protein involved in
lipid transport and it is synthesized in both the liver and intestine (117). Site A
in this promoter (214 to —192) can bind in vitro to RXR-a but only weakly
to RAR-a and RAR-B. Accordingly, it can confer a RA response to a re-
porter gene when co-transfected with RXR-a but not with RAR-a and -8
(117).
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RXRs Interact with Several Classes of Nuclear Receptors

In a remarkable twist of scientific fate, researchers seeking the identity of a
factor essential for the efficient binding of RARs to RAREs purified and
identified what turned out to be an RXR (80a, 157a). Thus, heterodimers of
RARs and RXRs appear to be more efficient at binding to RAREs than do
homodimers of these receptors. This linkage between two receptor subclasses
unifies two RA signal transduction pathways; different RAR/RXR com-
binations may exhibit unique specificities in target gene activation. A better
picture of RXR/RAR overlap, in terms of their domains of tissue specific
expression, will tell us much about the particular roles of individual RXR/
RAR complexes. Even more surprising is the degree of promiscuity of RXRs;
RXRs interact not only with RARs but also with thyroid hormone receptors
and vitamin D5 receptors (73a, 80a, 157a, 160). These interactions indicate
that RXRs may play a more central role in nuclear receptor signalling
pathways (73a). The extent to which RXRs interact with other members of the
superfamily of nuclear receptors remains to be determined.

RAR-a AND PROMYELOCYTIC LEUKEMIA

The assignment of the RAR-a locus to chromosome 17 (see Table 1) led to
speculation that the RAR-a might be involved in the pathogenesis of acute
promyelocytic leukemia (APL) (8, 18, 19, 22, 34, 82). This hypothesis was
substantiated by the fact that APL patients could be effectively treated by RA
(18, 19, 22, 82, 95). Several groups have shown that the chromosome 15;17
translocation t(15;17), which has become essentially pathonomic for APL,
fuses most of the coding portion of the RAR-a, from breakpoints clustered
within the second intron of the gene, to the promyelocytic leukemia locus
(PML) on chromosome 15 (1, 30, 35, 36, 83). PML, first identified by
characterization of the translocation locus on chromosome 15, also appears to
encode a transcription factor (36, 70, 105). The translocation gives rise to a
novel protein comprising most of RAR-a (regions B through F) fused in
frame and downstream of a large portion of PML (36, 70). Expression of the
RAR-a PML chimera in co-transfection studies indicates that it may act as a
dominant negative regulation of promyelocyte differentiation (36). However,
depending on the exact point of fusion which can vary from one APL patient
to another (36, 70, 105), certain PML-RAR fusions can function as transcrip-
tion activators with greater or lesser efficiencies than those of wild-type
RAR-a. Although it is presently unclear whether the PML-RAR-a protein is
causally related to the pathogenesis of APL, the mechanism of PML-RAR«
function may be consistent with that proposed for v-erb A (see above) (33).
As in the case where v-erb A expression appears to abrogate the normal
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inhibitory actions of RAR-a with the AP1 element (see above), PML-RAR-«
may prove to be ineffective in suppressing AP1-mediated transcription activa-
tion on those target genes where this function is necessary for the normal
differentiation of promyelocytes (33).

CONCLUSIONS
Modulation of Retinoid Signal Transduction

The recent identification of a number of interacting components of the
retinoid signal transduction system supports the view that the cellular re-
sponse to RA depends on numerous factors. Below are listed some of the
critical factors that may determine the biological activity of RA in a given
tissue.

RETINOID METABOLISM Relatively little is known about the physiological
regulation of retinoid concentrations (7). Whether or not RA concentrations
are modulated at the level of the target tissue is of particular interest (7). In
recent years, there has been considerable interest in the role of RA in chick
limb pattern formation (41, 138). When RA is locally applied in the form of a
RA-soaked bead to the anterior margin of the wing bud, a minor duplication
of digit pattern develops, exactly mimicking the pattern resulting from grafts
from the zone of polarizing activity (ZPA) located in the posterior margin of
the limb bud (41, 138). Although RA may be a morphogen in the limb bud
that provides graded spatial clues in the form of a concentration gradient
emanating either from the ZPA or from RA-soaked beads, recent studies
suggest that RA may act to convert cells into ZPA-like regions that release a
morphogen other than RA (101, 150). In either case, the regulation of local
levels of RA is likely to be important. Perhaps the graded distribution of
CRABP(S) (41, 138), which appears to be opposite in polarity to the RA
gradient presumed to exist in the limb bud, may be important to ensure that
only one specified region of the limb forms a ZPA. In any case, modulation of
RA concentration in the limb bud results in a very discrete change in tissue
response. Thus, the maintenance of normal tissue responses may require
factors such as CRBPs, CRABPs as well as retinoid-metabolizing enzymes
(7, 138). The discovery that 9-cis RA is a more potent ligand for RXRs than
all-trans RA indicates that retinoid isomerization may be a pivotal point for
regulating target tissue responses to retinoids (62a, 81a). There are, of course,
other metabolites of RA, and it will be important to determine if any of these
other metabolites are receptor selective (141).

RARs The three subtypes of retinoic acid receptors are RAR-a, RAR-f3, and
RAR-y (11, 50, 67, 75, 106). These receptors, by regulating target gene
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expression in a RA-dependent manner, play a pivotal role in the cellular
response to RA. Although these nuclear receptors are highly similar in
structure, the minor differences between them are well conserved throughout
evolution, suggesting that each RAR may serve different functions. This
observation is supported by the finding that the efficiency of transactivation
by RA and other synthetic retinoids appears to be dependent on the RAR
subtype mediating the effect (see above). Moreover, the different subtypes are
differentially expressed in retinoid target tissues. Little is known about the
functional significance of the RAR isoforms that differ in their A regions (see
Figure 1). These different A regions (see above), by interacting specifically
with transcription intermediary factors (TIFs), may play a role in determining
promoter and cell selective transactivation, as appears to be the case for other
nuclear receptors (143, 151, 154). Thus, the range of possible responses to
RA may vary greatly depending on (a) which isoforms are present and (b)
what intermediary factors (TIFs) are available in a given cell-type. The
possibility that RARs may form homo- and heterodimers would further
increase the possible RAR configurations on target gene RAREs.

RXRs The discovery of a second subclass of RA-activated nuclear receptors,
the RXRs, has added a further level of control in regulating the cellular
response to RA. In this parallel RA signal transduction pathway are also three
receptor subtypes: RXR-a, RXR-B, and RXR-vy (80a, 157a). Because of the
comparatively high levels of RA required to activate RXRs, some studies
have suggested that other retinoids may specifically act through these recep-
tors (88), and indeed 9-cis RA appears to be the likely candidate (62a, 81a).
The finding that RXRs interact with RARs to enhance their specific activities
indicates that the effect of RA on the expression of a particular target gene
will depend on ({) which combinations of RAR/RXRs are present and (ii)
whether all-zrans RA, 9-cis RA, or both isomers are present in a given cell.

RAREs RARs have been shown to activate gene transcription through a
number of different types of responsive elements including EREs, TREs,
RAREs, as well as ERE half-sites (see above), consisting of direct repeats,
inverted repeats, and isolated half-sites of the motif G(G/T)TCA. How effec-
tively do these sites promote the RA activation of gene expression by binding
RARSs? The affinity of the RARs for these sites will likely affect the fold
induction of the target gene. How does the orientation of half-sites (direct, or
inverted) affect the ability of RAR subtypes and isoforms to bind and activate
transcription from these response elements? Do different combinations of
RAR/RXR complexes exhibit different response element selectivities? The
answer to this latter question appears to be yes. Consistent with this notion are
the results of in vitro DNA binding experiments using different response
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elements and, indirectly, the results of co-transfection experiments (73a, 80a,
157a, 160). The answers to these fundamental questions will become clearer
as additional RAREs become characterized.

OTHER TRANSCRIPTION FACTORS The possibility that RARs form
heterodimers with c-ErbA suggests that associations similar to that observed
for RARs and RXRs may also exist between RARs and other nuclear recep-
tors. RAR mutants such as PML-RAR-« observed in acute promyelocytic
leukemias may also exert deleterious effects on RA response through heter-
odimer formation (33, 43, 54). Conceivably, such interactions would result
not only in different levels of sranscription activation but could also affect
target gene specificity (53, 54, 80, 103).

Finally, the contextual location of an RARE in a promoter may significant-
ly influence whether or not a particular RA target gene is expressed. For
example, the pattern of expression of a 3-galactosidase marker gene under the
control of the RAR-B2 promoter in transgenic mice suggests that the mere
presence of RA is insufficient to activate the RARE-bearing promoter (94).
The activity of a RARE, nestled among other cis-acting elements, may
depend on the presence or absence of the corresponding trans-acting factors
that bind to them. The interactions between RARs and AP1-binding factors
are particularly interesting: they may be competitive, as in the case of the
osteocalcin promoter, or direct, as in the regulation of the collagenase promo-
ter (see above). These interactions link two separate signal transduction
systems. It is not difficult to see how this link is necessary for the orchestra-
tion of cell growth and differentiation during the highly complex process of
development.

SUMMARY

Over the past five years, a wealth of information has accumulated concerning
the molecular mechanisms mediating RA effects on gene expression. The
molecular cloning of the 3 retinoic acid receptors (RARs), of their 16 or so
different isoforms, and of the 3 retinoid X receptors (RXRs) as well as the
identification of at least 2 different active isomers of RA (all trans- and
9-cis-RA) and of several different CRABPs and CRBPs now provide the
essential tools to explain the pleiotropy that has become associated with RA
effects. In the years to come, a concentrated effort to delineate the complex
interactions between the various components of the retinoid signal sransduc-
tion system should shed light on the mechanisms underlying pattern formation
during vertebrate development and point to new ways in which retinoids can
be exploited therapeutically.
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