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Characterization of three RXR genes that
mediate the action of 9-cis retinoic acid
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An understanding of the differences and similarities of the retinoid X receptor (RXR) and retinoic acid receptor
(RAR) systems requires knowledge of the diversity of their family members, their patterns of expression, and
their pharmacological response to ligands. In this paper we repott the isolation of a family of mouse RXR
genes encoding three distinct receptors (RXRe, 3, and v). They are closely related to each other in their DNA-
and ligand-binding domains but are quite divergent from the RAR subfamily in both structure and ligand
specificity. Recently, we demonstrated that all-trans retinoic acid (RA) serves as a ‘‘pro-hormone” to the
isomer 9-cis RA, which is a high-affinity ligand for the human RXRa. We extend those findings to show that
9-cis RA is also “retinoid X"’ for mouse RXRe, $, and vy. Trans-activation analyses show that although all
three RXRs respond to a variety of endogenous retinoids, 9-cis RA is their most potent ligand and is up to
40-fold more active than all-trans RA. Northern blot and in situ hybridization analyses define a broad
spectrum of expression for the RXRs, which display unique patterns and only partially overlap themselves and
the RARs. This study suggests that the RXR family plays critical roles in diverse aspects of development,
from embryo implantation to organogenesis and central nervous system differentiation, as well as in adult

physiology.
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Derivatives of vitamin A, or retinoids [e.g., retinoic acid
(RAJ], are a group of signaling molecules that are essen-
tial for several life processes including growth, differen-
tiation, and epithelial homeostasis (Goodman 1984;
Sporn et al. 1984). In the embryo, RA has also been im-
plicated in many roles, including the formation of the
developing nervous system (Dencker et al. 1987; Dur-
ston et al. 1989; Wagner et al. 1990), craniofacial differ-
entiation {(Wedden et al. 1988), and limb morphogenesis
(Maden 1982; Eichele 1989). In contrast to the physio-
logic requirement of vitamin A for these processes, ret-
inoids may be toxic or severely teratogenic when applied
at high concentrations or at inappropriate times {Lam-
mer et al. 1985). The heterogeneity of these responses
suggests the existence of complex signaling pathways to
account for the diverse regulatory roles of retinoids. In
the past several years, two distinct classes of nuclear
hormone receptors were identified that mediate RA-de-
pendent transcription. The first class is comprised of the
RA receptors (RARg,B, and v}, all of which bind all-trans
RA with high affinity and share a high degree of struc-
tural conservation (Giguere et al. 1987; Petkovich et al.
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1987; Brand et al. 1988; Krust et al. 1989; Zelent et al.
1989; Ishikawa et al. 1990). Recently, we described the
existence of a second class of receptor that also responds
to retinoids but is substantially different in primary
structure and ligand specificity to the RARs (Mangels-
dorf et al. 1990). Because this new receptor, termed the
retinoid X receptor (RXR), is activated by but does not
bind to all-trans RA, we speculated that its ligand would
be an RA metabolite.

The discovery in RXR of a second retinoid transduc-
tion pathway has led us to investigate its functional
properties and determine its relationship to the RAR sys-
tem. The initial observation that RXR is abundantly ex-
pressed in metabolic organs, such as the liver, kidney,
and intestine, suggested a role for RXR in the regulation
of vitamin A metabolism itself (Mangelsdorf et al. 1990).
More recently, we have shown that a potent target for
RXR action is the gene for cellular retinol-binding pro-
tein type II {CRBPII}, a protein involved in the processing
of dietary vitamin A in the intestine (Mangelsdorf et al.
1991}. The retinoid X response element (RXRE) found in
the CRBPII gene promoter is strongly up-regulated by
RXR but not by RAR. Furthermore, RXR activation
through the CRBPII-RXRE can be completely inhibited
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by RAR. This interaction between RXR and RAR is
made more intringuing by the recent finding that RXR
can form stable solution heterodimers not only with
RAR but also with vitamin D and thyroid hormone re-
ceptors {Kliewer et al. 1992). Thus, RXR may be a con-
stituent in multiple hormonal signaling pathways. To
better understand the complex functions of RXR, we
have explored the diversity of the family, its patterns of
expression, and its pharmacologic properties in response
to ligand. In this paper we report the isolation of mouse
c¢DNAs encoding three RXR proteins {mRXRa, B, and v).
Each of these RXRs is expressed throughout develop-
ment and in the mature organism in patterns that are
both unique and partially overlap those of the RARs and
other receptors. Recently, we demonstrated that the RA
isomer, 9-cis RA, is a high-affinity ligand for the human
RXRa (Heyman et al. 1992). We extend those findings
here to show that 9-cis RA is also “retinoid X" for the
mouse RXRaq, B, and . The discovery of three RXRs and
their cognate ligand, along with their patterns of expres-
sion, helps to define a complex new regulatory system in
which the RXRs may play a surprisingly widespread role
in development and adult physiology.

Results
Molecular cloning of three RXR cDNAs

We observed previously by low-stringency-hybridization
Southern analysis of human genomic DNA that the RXR
belongs to a subfamily of genes comprised of at least two
members (Mangelsdorf et al. 1990). To isolate and char-
acterize the mouse counterparts to these potential RXR
subtypes, mouse adult liver and mouse embryo ¢cDNA
libraries were screened at low stringency with a human
(h)RXRa cDNA probe. Several positive clones were ana-
lyzed and divided into three different groups based on
their sequence identity. The longest cDNA clone from
each group was completely sequenced (Fig. 1). The three
classes of cDNA clones encode three nonidentical RXR-
like proteins designated mRXRa, mRXRB, and mRXRy
(Figs. 1 and 2). mRXRa is the murine homolog of the
hRXRa (Mangelsdorf et al. 1990) with which it shares
the greatest identity (Fig. 2). The predicted initiation
codon for mRXRa is conserved in the hRXRa and occurs
at the first in-frame ATG of the cDNA (Fig. la). The
sequence surrounding this ATG conforms well with the
Kozak consensus (Kozak 1987), and translation from this
start site generates an mRXRa protein of 467 amino ac-
ids (M, 51,000). The sequence designated mRXRp (Fig.
1b) is also homologous to a human counterpart that we
have partially characterized {Mangelsdorf et al. 1990;
data not shown). Although we have tentatively assigned
a translation initiation start site at nucleotide 109, there
is no in-frame terminator codon upstream of this puta-
tive start site, indicating that the region encoding the
amino terminus may yet have to be defined. We note,
however, that this mRXRB ¢cDNA will produce a func-
tional protein (see Figs. 3 and 5, below) of 410 amino
acids (M, 44,000). Interestingly, the mRXRp cDNA char-
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acterized here is 100% identical in size and sequence to
mH2RIIBP, a cDNA isolated independently by Hamada
et al. (1989), whose product binds a DNA site in the
histocompatibility gene. The third receptor, mRXRy
(Fig. 1c), appears to be most closely related to the
chicken {c|RXR reported by Rowe et al. (1991} (Fig. 2) and
a recently described Xenopus homolog (Blumberg et al.
1992). The assigned initiation codon for mRXRy is a ca-
nonical Kozak sequence with an in-frame termination
site 12 bp upstream. The mRXRy cDNA encodes a pro-
tein of 463 amino acids {M, 51,000). The existence of
RXRs in several species, including the related Droso-
phila protein ultraspiracle (Fig. 2) (Oro et al. 1990}, indi-
cates that this gene family has been well conserved
throughout evolution. As seen in Figure 2, the RXRs
comprise a closely related lineage with marked diver-
gence from the RAR subfamily.

RXRs are activated by retinoids

The ability of all-trans RA to specifically activate the
hRXRa demonstrated that this protein defined a path-
way for retinoid action that was separate from the pre-
viously described RARs (Mangelsdorf et al. 1990). Be-
cause all-trans RA activates both RARs and RXRs, trans-
activation experiments were performed in the
Drosophila cell line Schneider S2, which unlike mam-
malian cells is devoid of endogenous retinoid receptors
(Mangelsdorf et al. 1990). To examine the functional
properties of each receptor subtype, expression plasmids
containing the cDNAs for mRXRg, B, or y were cotrans-
fected into cells together with a reporter plasmid {ADH-
CRBPII-CAT) containing the RXRE from the CRBPII
promoter {Mangelsdorf et al. 1991). When these cells
were incubated with increasing concentrations of all-
trans RA, all three RXRs activated chloramphenicol
acetyltransferase (CAT) expression (Fig. 3a), albeit with
distinctive pharmacologic properties. The potent effi-
cacy of RXR activation by RA on the CRBPII-RXRE is
demonstrated by mRXRB, which even though it is the
least sensitive of the RXRs, gives a robust induction (85-
fold) to all-trans RA.

We have also tested the response of the mRXRs to the
vitamin A metabolite 3,4-didehydroretinoic acid {ddRA).
In addition to all-trans RA, ddRA is a potent morphoge-
netic signal in the developing chick wing bud, where its
concentration is six times greater than that of all-trans
RA (Thaller and Eichele 1990). As shown in Figure 3b, all
three RXRs are responsive to ddRA, although at concen-
trations ~10-fold less than all-trans RA. We have ob-
served similar results with the RARs (data not shown).
These results indicate that although all-trans RA is a
potent RXR activator, it is not the only biologically ac-
tive retinoid that can stimulate the RXRs.

The RXR ligand-binding domain confers retinoid
responsiveness

The activation of RXR by all-trans RA in insect cells (in
comparison to mammalian cells, Fig. 3; Mangelsdorf et
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al. 1990) provides evidence that the components of reti-
noid activation are intrinsic to the RXR molecule and
that other retinoid receptors {i.e., RARs) are not required
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mRXRo

GAATTCGCGGCCGCGGCGACTTTTGCAACAACTCGCCGCGCCGCGGCCTCCGCGCGCCGCCGCCGCCGCTGCCGCCGCCGGCTCCCCGCT

1
GCCCGGGCCCCGGGCGGGCCGCGCCGGGGGCCGCCGCGCTGCCGCCCTGCTGCTCCGCCGCCGGCTGGGCATGAGTTAGTCGCAGACATG
M

10 20 30
GACACCAAACATTTCCTGCCGCTCGACTTCTCTACCCAGGTGAACTCTTCGTCCCTCAACTCTCCAACGGGTCGAGGCTCCATGGCTGTC
D T K HF L P L DF S TQ VNS S$ S L NS PTGIRG S MAV

40 50 60
CCCTCGCTGCACCCCTCCTTGGGTCCGGGAATCGGCTCTCCACTGGGCTCGCCTGGGCAGCTGCACTCTCCTATCAGCACCCTGAGCTCC
p § L B P S L GP G I G S P L G S P G QL H S P I S T L § 8§

70 80 90
CCCATCAATGGCATGGGTCCGCCCTTCTCTGTCATCAGCTCCCCCATGGGCCCGCACTCCATGTCGGTACCCACCACACCCACATTGGGC
p I NGM G P P F $ VI S s PMGPH S M S VP TTPTILG

100 110 120
TTCGGGACTGGTAGCCCCCAGCTCAATTCACCCATGAACCCTGTGAGCAGCACTGAGGATATCAAGCCGCCACTAGGCCTCAATGGCGTC
F G T G S P 0 L N S P MNUP VS s TEDTI KPP LGULNGV

130 140 150
CTCAAGGTTCCTGCCCATCCCTCAGGAAATATGGCCTCCTTCACCAAGCACATCTGTGCTATCTGTGGGGACCGCTCCTCAGGCAAACAC
L K v P A H P 8§ G NMA S F T K H I JC A I C G D R s S5 G K H

160 170 180
TATGGGGTATACAGTTGTGAGGGCTGCAAGGGCTTCTTCAAGAGGACAGTACGCAAAGACCTGACCTACACCTGCCGAGACAACAAGGAC
Yy G v Y s ¢ E G CK GVFF K RTVRIKDILT Y TCR DN K D

190 : 200 l 210
TGCCTGATCGACAAGAGACAGCGGAACCGGTGTCAGTACTGCCGCTACCAGAAGTGCCTGGCCATGGGCATGAAGCGGGAAGCTGTGCAG
c L I b K R RNRCOQY CIRY Q K CUL A MG MAJK R E A V Q

220 230 240
GAGGAGCGGCAGCGGGGCAAGGACCGGAATGAGAACGAGGTGGAGTCCACCAGCAGTGCCAACGAGGACATGCCTGTAGAGAAGATTCTG
EEROQURTGT KT DT RINTETNTETVTETSTSI|S ANTETDMTEPV E K I L

250 260 270
GAAGCCGAGCTTGCTGTCGAGCCCAAGACTGAGACATACGTGGAGGCAAACATGGGGCTGAACCCCAGCTCACCAAATGACCCTGTTACC
E A E L AV EP KT ET Y V EANMGTLNUP S S P ND P V T

280 290 300
AACATCTGTCAAGCAGCAGACAAGCAGCTCTTCACTCTTGTGGAGTGGGCCAAGAGGATCCCACACTTTTCTGAGCTGCCCCTAGACGAC
N I ¢C Q A A DK QL F TL VEWA AI KU RTIU®PHU F S EUL P L DD

310 320 330
CAGGTCATCCTGCTACGGGCAGGCTGGAACGAGCTGCTGATCGCCTCCTTCTCCCACCGCTCCATAGCTGTGARAGATGGGATTCTCCTG
¢ v I L L RA G WNEULL I ASF S HR S I AV KD G I L L

' 340 350 360
GCCACCGGCCTGCACGTACACCGGAACAGCGCTCACAGTGCTGGGGTGGGCGCCATCT TTGACAGGGTGCTAACAGAGCTGGTGTCTAAG
A T G L HV HRN S A H S A GV GA I F DRV L TETLV S K

370 380 390
ATGCGTGACATGCAGATGGACAAGACGGAGCTGGGCTGCCTGCGAGCCATTGTCCTGTTCAACCCTGACTCTAAGGGGCTCTCAAACCCT
M R DMOMUDI KT ETLGT CULURATIVLFNUPUD S K GUL S NP

400 410 420
GCTGAGGTGGAGGCGT TGAGGGAGAAGGTGTATGCGTCACTAGAAGCGTACTGCAAACACAAGTACCCTGAGCAGCCGGGCAGGTTTGCC
A E V EALUREI KV Y A S L EAY CZKUHIKY P EQZP G R F A

430 440 450
AAGCTGCTGCTCCGCCTGCCTGCACTGCGT TCCATCGGGCTCAAGTGCCTGGAGCACCTGTTCTTCTTCAAGCTCATCGGGGACACGCCC
K L L L RULPALIRS I GL KO CULUEWUHULT FVFF KL I G DT P

460 I
ATCGACACCTTCCTCATGGAGATGCTGGAGGCACCACATCAAGCCACCTAGGCCCCCGCCGCCGTGTGCCGGTCCCGTGCCCTGCCTGGA

I b T F L M EMTILEAUPUHQAT I*

CACAGCTGCTCAGCTCCAGCCCTGCCCCTGCCCTTTCTGATGGCCCGTGTGGATCTTTGGGGTGCAGTGTCCTTATGGGCCCAAAAGATG
CATCACCATCCTCGCCATCTTTACTCATGCTTGCCTT TGGCCCAGGGCATAGCAGAGCTGGTGTGACACCTGGCCAGCTCCTGCCCTACA
TCAGGCTCTAAGGCTATGCTGCTGTCACCCCGAGGGTCGTGGGGTTCGTCATGGGGCCTTCAGCACCTGGAGCTGCAAGAGCTGGGAAAA
GGGCTTGTTCTGGTTGCTGGTTGCTGTCGCTGGTTCTCGACATCCCACATGGCACCTCTGTTTGGAGTGCCCCATCTTGGCCTGTTCAGA
GTCCTGGTACCCAGTTAGGGTGGGAATCCACCTGGGATCAAGAAGGAGCAGGTGGGGCAGGCCGTATCCTCCTGGGTCATAGCTAACCTA
TAAAGGCGCCGCGAATTC 2083

Figure 1. (See p. 333 for legend.)
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for this activation. To localize more specifically the re-
gion of retinoid responsiveness in the RXR molecule, a
series of experiments were performed utilizing RXR and
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ultraspiracle chimeric receptors {Fig. 4a). ultraspiracle is
a Drosophila orphan receptor that is required both ma-
ternally and zygotically for pattern formation (Oro et al.
1990). Although ultraspiracle does not respond to all-
trans RA, its high degree of structural similarity with
RXR suggests that these two receptor-like proteins are
ancestral homologs and may share other nonretinoid
ligands (Oro et al. 1990). We therefore compared the abil-

ity of both RXR and ultraspiracle to respond to all-trans
RA. When expression plasmids containing RXR or ul-
traspiracle are cotransfected independently with a re-
porter plasmid into Schneider S2 cells, only RXR is ac-
tivated by all-trans RA (Fig. 4b). However, when a chi-
meric receptor containing the carboxy-terminal region of
the RXR fused to the DNA-binding domain and amino
terminus of ultraspiracle {UUX, Fig. 4a) is tested, this

b

mRXRB

GAATTCCCCCGAAGCCCAGACAGCTCCTCCCCAAATCCCCTTTCTCAGGGGATCCGTCCGTCTTCTCCTCCTGGCCCACCTCTTACCCCT

1 10 20
TCAGCACCTCCACCTCCAATGCCACCCCCGCCACTGGGCTCCCCCTTCCCAGTCATCAGT TCTTCCATGGGGTCCCCTGGTCTGCCCCCT
M P P P P L G S P F P VI S S S M G S P G L P P

91
30 40 50
181 CCGGCTCCCCCAGGATTCTCCGGGCCTGTCAGCAGCCCTCAGATCAACTCCACAGTGTCGCTCCCTGGGGGTGGGTCTGGCCCCCCTGAA
P AP P GF S$ G PV sSs S§$P I NS TV S L P GG G S G P P E
60 70 80
271 GATGTGAAGCCACCGGTCTTAGGGGTCCGGGGCCTGCACTGTCCACCCCCTCCAGGTGGTCCTGGGGCTGGCAAACGGCTCTGTGCAATC
b v XK pPP VL GV R GUL HCUPUPUPPGGUP GA G K R L |C A I
90 100 110
361 | TGCGGGGACCGAAGCTCAGGCAAGCACTATGGGGTTTACAGCTGCGAGGGCTGCAAGGGTTTCTTCAAGCGCACCATTCGGAAGGACCTG
Cc G D R S S G KHY GV Y s CE G CZKGFF KR T I RKDIL
120 130 140
451 | ACCTACTCGTGTCGTGATAACAAAGACTGTACAGTGGACAAGCGCCAGCGGAATCGCTGTCAGTACTGTCGCTATCAGAAGTGCCTGGCC
T ¥ §$ C R DNIKUDCTVDI K R QRN RTCOQEYCIR Y Q K CL A
' 150 160 170
541 | ACTGGCATGAAAAGGGAGGCGGTTCAGGAGGAGCGTCAACGGGGGAAGGACAAAGACGGGGATGGAGATGGGGC TGGGGGAGCCCCTGAG
T G M IK R E AV Q E ER QR G KD K D G D G D G A G IG A P E
180 190 200
631 | GAGATGCCTGTGGACAGGATCCTGGAGGCAGAGCTTGCTGTGGAGCAGAAGAGTGACCAAGGCGTTGAGGGTCCTGGGGCCACCGGGGGT
E M P VDU RILEAETLA AV EOQK SDOGVEGZPGAT G G
210 220 230
721 | GGTGGCAGCAGCCCAAATGACCCAGTGACTAACATCTGCCAGGCAGCTGACAAACAGCTGTTCACACTCGTTGAGTGGGCAAAGAGGATC
G G S §$ P NDPVTNTIUCOQQAADI KU QLFTUL VEWAIZKRI
240 250 260
811 | CCGCACTTCTCCTCCCTACCTCTGGACGATCAGGTCATACTGCTGCGGGCAGGCTGGAACGAGCTCCTCATTGCGTCCTTCTCCCATCGG
P HF S S$L PL DD VI LL RAGWNUETLIULTIH ASF S HR
270 280 290
901 | TCCATTGATGTCCGAGATGGCATCCTCCTGGCCACGGGTCTTCATGTGCACAGAAACTCAGCCCATTCCGCAGGCGTGGGAGCCATCTTT
s T b v RDOGTI L L ATSGULHV HRNSAIHSAGUV G A IF
300 310 320
991 | GATCGGGTGCTGACAGAGCTAGTGTCCAAAATGCGTGACATGAGGATGGACAAGACAGAGCTTGGCTGCCTGCGGGCAATCATACTGTTT
b RVL T EZLV S KM RDMWBRMDI KT EULGT CTILIRATITITLF
330 340 350
1081 | AATCCAGACGCCAAGGGCCTCTCCAACCCTGGAGAGGTGGAGATCCT TCGGGAGAAGGTGTACGCCTCACTGGAGACCTATTGCAAGCAG
N P DA K GUL S NP GEV E I L REIKV Y A S L E T Y C K Q
360 370 380
1171 | AAGTACCCTGAGCAGCAGGGCCGGTTTGCCAAGCTGCTGTTACGTCTTCCTGCCCTCCGCTCCATCGGCCTCAAGTGTCTGGAGCACCTG
K ¥ P E 0 0GR PF A K UL L L RULUPAILURSIGUL KCTULEHTL
390 400 410
1261 | TTCTTCTTCAAGCTCATTGGCGACACCCCCATTGACACCTTCCTCATGGAGATGCT TGAGGCTCCCCACCAGCTAGCCTGAGCCCAGATG
F F F KL I GDTU®P I DTV FULMEMTLEW AUPUHUOQTIL A I*
1351 CACACCGAGTGTCACTGAGGAGGACTTGAGCCTGGGCAGGGGGCAGAGCCATGGGACAGGTGCAGAGCAGGAGGGGACT TGCCCAGCCTG
1441 CCAGGGATCTGGCAACACTTAGCAGGGTTCGCTTGGTCTCCAAGTCGAAGGGGACCCCAGATCCCTGTGAGGACTTTATGTCTACCTTCA
1531 GTGGCCTTGAGTCTCTGAATTTGTCGGGGTCTCCCATGGTGCAGGTGATTCTTCATCCTGGCTCCCCAGCACAAAGCACTGCCCTGCTTC
1621 CTTCTCATTTGGCCTCACTCCCTTCTGAAGAGTGGAACAGAGCTCCCCCAGAAAGGGGTGTTGTGGGGCAGGCCCCCCAAGCTGATGATC
1711 ATGGGAGCAGGGCTCTGACAGCCTTTATCCTCTCAGACTTGACAGATGGGGGCAGAGGAGGGACCTGCCTCTGTCTCCTGTCAGCCCCAT
1801 TTCCACAGTCCCTCCTGCAGTCAGACTGAAGAATAAAGGGGTAGTGAAGGGGCTGCTGGAGGTCGAGGAACCCATTGCTCTTTTAATTTC
1891 CTGTGAGGAGAGACTGGGAGTTAGACTCAAAGAAGTACTGTACATCCCCAGGTTGACTTAAATGTCAGGGCTGGAGATGGCATGTGGGCA
1981 AGGAGGCCCCTCAGGTGGGCTGTCCCAAAGCTCCCTGGGCTCTGCCTCGGGTGGCCCTACAGCTCTTCCCTAGTCTTAAGCACAGCTAGG
2071 CTGGGAGCAAGTGGGGACATTGATGGGGGTGGCCAGCCTGCAGAGTTGGGTGCTGGGCTGCATGGTTTTTGCCCTGGACCTCTTTTGGGG
2161

GTTCCCTCCCATCTTTCACTTGCACATAAAGTTGCTTTCCAGTTAAAAAAAAAAAAARA 2219

Figure 1. (See facing page for legend.)
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UUX chimera is responsive to all-trans RA (Fig. 4b). The sive to all-trans RA. These experiments demonstrate

reciprocal chimera, created by fusing the carboxyl termi- that the carboxy-terminal region of the RXR is required

nus of ultraspiracle to RXR (XXU, Fig. 4a), is not respon- for activation by retinoids and that this region alone can
c mRXRy

1 GAATTCGCGGCCGCGCTGTGCCTGGGAGCCGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGGCTGTACTCTTCAGA

1 10 20
91 AGCGCACGAGAGGAATGAACTGAGCAGCCAACATGTATGGAAATTATTCCCACTTCATGAAGTTTCCCACCGGCTTTGGTGGCTCCCCTG
MY GNY S HFMZE KT FZPTGV F GG S P G

30 40 50
181 GTCACACTGGCTCGACGTCCATGAGCCCTTCAGTAGCCTTGCCCACGGGGAAGCCAATGGACAGCCACCCCAGCTACACAGACACCCCAG
B T G S T s Mm s p §$ VA LUPTGIKUPMD S HP S Y T DT P V

60 70 80
271 TGAGTGCCCCTCGGACGCTGAGTGCTGTGGGAACCCCCCTCAATGCTCTTGGCTCTCCGTATAGAGTCATCACTTCTGCCATGGGTCCAC
S AP RTUL S AV GTU?PULDNALGS?PY RV I TS AMGT?PTFP

90 100 110
361 CCTCAGGAGCACTGGCAGCTCCTCCAGGAATCAACTTGGTGGCTCCACCCAGCTCCCAGCTAAATGTGGTCAACAGTGTCAGCAGCTCTG
S GA L A A PP G I NLVAPUP S S QL NV VN S V S S S§ E

120 130 | 140

451 AGGACATCAAGCCCTTACCAGGTCTGCCTGGGATTGGAAATATGAACTACCCATCCACCAGCCCTGGGTCTCTGGTGAAACACATCTGTG
D I K p L P G L P G I GNMNY P ST S P G S L V K H I |C A

150 160 170
541 | CCATCTGTGGGGACAGATCCTCAGGGAAGCACTACGGTGTGTACAGCTGTGAAGGT TGCAAAGGCTTCTTCAAAAGGACCATCAGGAAAG
I ¢ G DR S S G K HY GVY s CUEGUCIKGV FF KU RTTIRIKTD

180 190 200
631 | ATCTCATCTACACCTGTCGGGATAACAAAGATTGTCTCATCGACAAGCGCCAGCGCAACCGCTGCCAGTACTGTCGCTACCAGAAGTGCC
L I Y T ¢C R DN K D CVL I D KURGEEIRNIRTZ CUOGQYCRY Q K C L

210 220 230

721 | TGGTCATGGGCATGAAGCGGGAAGCTGTGCAAGAAGAAAGGCAGAGGAGCCGAGAGCGAGCAGAGAGTGAGGCAGAATGTGCCAGTAGTA
v M G M|IK R E AV ¢ EE R QR S R ERAZE S EAE C A s IS S

240 250 240
811 | GCCACGAAGACATGCCCGTGGAGAGGATTCTAGAAGCCGAACTTGCTGTGGAACCAARAGACAGAATCCTACGGTGACATGAACGTGGAGA
H EDMUPV ER I LEAZETLAVEU?PIXKXKTES Y G DMNV E N

270 280 270
901 | ACTCAACAAATGACCCTGTTACCAACATATGCCATGCTGCAGATAAGCAACTTTTCACCCTCGTTGAGTGGGCCAAACGCATCCCCCACT
S T N D P V T N I C HAADI KOQULU FPT L V EWAI KU RTIUPHF

300 310 320
991 | TCTCAGATCTCACCTTGGAGGACCAGGTCATTCTACTCCGGGCAGGGTGGAATGAACTGCTCATTGCCTCCTTCTCCCACCGCTCGGTTT
s b L TUL DV IVLULRAGWNUETLTULTIA AS SV F s HI RS V S8

330 340 350
1081 | CCGTCCAGGATGGCATCCTGCTGGCCACGGGCCTCCACGTGCACAGGAGCAGCGCTCACAGCCGGGGAGTCGGCTCCATCT TCGACAGAG
v ¢ b G I L L A TGGULHV HR S S A H S RGV G S I F DRV

360 370 380
1171 | TCCTTACAGAGTTGGTGTCCAAGATGAAAGACATGCAGATGGATAAGTCAGAGCTGGGGTGCCTACGGGCCATCGTGCTGTTTAACCCAG
L T EL vV s KX M K DM QMUDI K S$ ELGCULRATI VL FNUPD

390 400 410
1261 | ATGCCAAGGGTTTATCCAACCCCTCTGAGGTGGAGACTCTTCGAGAGAAGGTTTATGCCACCCTGGAGGCCTATACCAAGCAGAAGTATC
A K G L S NP S EV ETULREI KV Y A TUL EAYTK QI K Y P

420 430 440
1351 | CGGAACAGCCAGGCAGGTTTGCCAAGCTTCTGCTGCGTCTCCCTGCTCTGCGCTCCATCGGCTTGAAATGCCTGGAACACCTCTTCTTCT
E Q P GR FA KUL1 L LRULUPAULWU RS I GUL KCULEUHTULTF F F

450 460
1441 | TCAAGCTCATTGGAGACACTCCCATCGACAGCTTCCTCATGGAGATGTTGGAGACCCCACTGCAGATCACCTGAACCTCCTCAGCTGCAG
K L I D T©PIDsSsF LMEMMTLTET®PTL QI T|*

1531 CTTCCCCACCCAGGGTGACCCTTGGGCGGGTGTGTGTGTGTGGCCCTACCCTGCACACTCTCCCCCATCTTCCACTCTGGCCTCCCTTCC
1621 TGTCCCCAAAATGTGATGCTTGTAATAAGCGGCCGCGAATTC 1662

Figure 1. Nucleotide and predicted amino acid sequence of mouse RXRs. (a) mRXRa; {b) mRXRB; (c) mRXRy. The boxes indicate the
regions of highest conservation in the DNA-binding and ligand-binding domains, which are compared in Fig. 2. The asterisk (*) marks
the termination codon for the longest open reading frame in each sequence. The in-frame termination codon in the 5'-untranslated
region of mRXRY is underscored in c. The sequences for mRXRa and mRXRy include the EcoRI-NotI cloning linkers. For mRXRB, the
length of the poly(A}* tail has not yet been determined accurately, and, therefore, the 3’ EcoRI cloning linker has not been included
in the sequence shown in b.
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Figure 2. Amino acid comparison between RXR

mRXRa and the other members of the reti-

noid receptor family. Sequence alignments

and percent identities were generated using

the University of Wisconsin Genetics Com- dUSP

puter Group programs (Devereux et al. 1984).

Shown are the mouse (m)RXRs, human

(h)RXRae, chicken (c)RXR, Drosophila ul- hRAR

traspiracle {dUsp), and human {hJRARa.

transfer retinoid inducibility to another receptor. Previ-
ous studies have shown that this region of the steroid
hormone receptors is the ligand-binding domain (Evans
1988; Green and Chambon 1988}, supporting the pro-
posal that RXR is a hormone-responsive receptor.

9-cis RA is a potent RXR ligand

Although all-trans RA induces RXR in transfection as-
says, high concentrations are required. Furthermore, di-
rect binding of all-trans RA to RXR protein synthesized
in eukaryotic or bacterial cells has not been demon-
strated (Heyman et al. 1992; D. Mangelsdorf, unpubl.).

-

-
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This led us to hypothesize that all-trans RA serves as a
pro-hormone or metabolic precursor to a bona fide RXR
ligand termed retinoid X. Recently, we have shown that
for the hRXRq, one such retinoid X is 9-cis RA (Heyman
et al. 1992). This RA isomer is metabolically converted
from all-trans RA in cells, exists in RXR target organs in
vivo, and unlike all-trans RA binds RXRa protein with
high affinity (Heyman et al. 1992). The results shown in
Figure 5 provide evidence that 9-cis RA 1is also a ligand
for each mouse RXR subtype. In these experiments,
trans-activation by RXR of a luciferase reporter ADH-
CRBPII-LUC was tested in the presence of the biologi-
cally active RA isomers all-trans RA, 13-cis RA, and
9-cis RA. As with hRXRa, 9-cis RA was up to 40-fold
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Figure 3. Concentration-dependent trans-activation of mRXR subtypes by retinoids. Schneider cells were cotransfected with A5C—
mRXRa (O}, ASC-mRXRB (¢ ), or ASC—-mRXRy () and the reporter plasmid ADH-CRBPII-CAT and then incubated with increasing
amounts of all-trans RA (a) or 3,4-didehydroretinoic acid (ddRA) {b). Trans-activation is expressed as induction of CAT activity {X
control levels) in retinoid-treated cells compared with solvent-treated control cells and represents the average of duplicate assays.
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Figure 4. RXR retinoid responsiveness is local-

b ized to the ligand-binding domain. (a) Schematic
showing the construction of RXR (X} and USP (U)

chimeric receptors. The constructs XXU and

— ' [ UUX were created by reciprocally switching the

: @ putative ligand-binding domains of hRXRe and

USP. (b) CAT assays of RA-dependent trans-ac-

& '. @ @ ® @ ion of U hRXRe, XXU, and UUX
Cotransfections of Schneider cells in the absence

. O . : (—) or presence (+] of all-trans RA were per-
formed as in Fig. 3. The autoradiograph of TLC
plates from individual CAT assays is representa-

RA | — + = + | [ = +, - +, tive of duplicate experiments. In these experi-
ments, only hRXRa and UUX were activated by
USP hRXRa XXU UuXx all-trans RA.
more potent than either 13-cis or all-trans RA in activat- by which all-trans RA activates the RARs. These results
ing all three mRXRs. These responses were dose-depen- support the proposal that 9-cis RA is a signaling mole-
dent, saturable, and within the range of concentrations cule that can mediate its action through the RXRs.
a b c
600
RXRy
500 1
] 15 5 400-
° ° °
3 3 3
2 2 2 3001
T T o
100 1
(] ] 0
1011 1010 109 108 107 106 105 10-11 10-10 109 108 107 106 105 1011 1010 109 108 107 106 105
Retinoid (M) Retinoid (M) Retinoid (M)

Figure 5. 9-cis RA is a high-affinity ligand for RXRs. Schneider cells were cotransfected with A5SC-mRXRa (a), ASC—-mRXRB (b), or
A5C-mRXRy (¢} and the reporter plasmid ADH-CRBPII-LUC and then incubated with increasing amounts of 9-cis RA (@), all-trans
RA {O), or 13-cis RA (A). Trans-activation is expressed as induction of luciferase activity {x control levels) in retinoid-treated cells
compared with solvent-treated control cells and represents the average of triplicate assays.
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Figure 6. Northern blot analysis of RXR mRNA in adult and embryonic tissue. Adult male rat tissues (a) and mouse embryos (b) from
gestation day 10.5 to 18.5. Ten micrograms of poly(A]* RNA was analyzed in each lane as described in Materials and methods.
Exposure times for each of the blots at —70°C with an intensifying screen were as follows: (a) RXRa, 50 hr; RXRB, 25 hr; RXRy, 7 days;
(b) RXRe, 6.5 hr; RXRB, 28 hr; RXRy, 7 days. RNA size markers (in kb; BRL) are aligned at the left of each autoradiograph. The arrows
on the right of each autoradiograph represent the sizes of different RXR-specific transcripts.

RXR expression in the adult

To understand the roles of the RXRs in hormonal signal-
ing, we have examined their patterns of expression in the
embryo and the adult. Northern analysis of poly(A)*
RNA from adult male rat tissues reveals the presence of
both unique and overlapping patterns of expression for
the three RXR genes (Fig. 6a). The rat RXRa mRNA mi-
grates as a single species of 5.6 kb and displays the
strongest level of expression for the RXRs in the adult.
RXRa is noticeably abundant in visceral tissues such as
the liver, kidney, lung, muscle, and spleen, but less so in
adrenals, brain, heart, intestine, and testes (Fig. 6a, top).
The RXRB mRNA exists as two species of 2.7 and 3.0 kb,
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and both are relatively abundant in all tissues except
intestine, liver, and testes where they are expressed at
lower levels (Fig. 6a, middle). In contrast to RXRa and
RXRB, RXRy RNA is less abundant and more restricted
in its distribution. The complexity of this expression
pattern is increased by the detection of two RXRy-spe-
cific RNAs (2.0 and 2.5 kb) that are also expressed dif-
ferentially and may correspond to RXRYy isoforms, as has
been observed with the RAR gene products (Giguere et
al. 1990; Kastner et al. 1990). The 2.0-kb RXRy mRNA is
present in the adrenals, kidney, and liver, whereas the
2.5-kb RNA is present in the brain and lungs. In contrast,
both mRNA isoforms are expressed strongly in the heart
and muscle (Fig. 6a, bottom). In aggregate, the RXRs are
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Figure 7. Northern blot analysis of RXR RNA derived from
human skin. Each lane contains 40 ug of total RNA isolated
from human epidermis (E} or cultured human keratinocytes
(K1). Exposure times for each of the blots at —70°C with an
intensifying screen were as follows: RXRa, 5 hr; RXRg, 25 hr;
RXRYy, 39 hr. RNA size markers are given by 28S and 18S inter-
nal standards. The arrows depict RXR-specific transcripts.

expressed in all adult tissues examined, with individual
tissues showing selective overlap with RAR subtypes
(e.g., see below).

The skin is known to be a target organ for RA both
therapeutically and during natural differentiation and a
site of selective expression of RARy. An analysis of the
expression of the RXRs in adult human epidermis and
keratinocytes (Fig. 7) reveals high levels of RXRa
mRNA. A very faint band can be detected for RXRB, but
even after a relatively long exposure there is no detect-
able signal for RXRy. These results suggest a combined
and potentially interactive role for RXRa and RARy in
human skin morphogenesis.

RXR expression during development

The critical requirement for RA during development has
prompted a number of studies to explore the pattern of
expression of the RARs and the cellular retinoid-binding
proteins throughout embryogenesis {Dollé et al. 1989;
Maden et al. 1989; Noji et al. 1989; Perez-Castro et al.
1989; Osumi-Yamashita et al. 1990; Ruberte et al. 1990;
Smith and Eichele 1991}. Because it is clear that such
studies must now take into account the RXRs, we have
focused next on the pattern of expression of the three
RXR genes during mouse embryogenesis. Northern anal-
yses of whole-embryo mRNA reveal that all three RXRs
are expressed from at least day 10.5 postconception to
parturition (Fig. 6b). As in the adult, RXRa and RXRp
mRNAs are abundant, whereas RXRy mRNA is present

RXR family: ligand specificity and expression

at much lower levels. Again, there is a heterogeneity in
the distribution of the two RXRy transcripts, with the
larger 2.3-kb band being predominant in the early em-
bryo, followed by a transition to a 1.9-kb transcript at
embryonic day 15.5 (Fig. 6b, bottom).

In situ hybridization has been used to extend the find-
ings of Northern blot hybridization and localize more
specifically the developmental expression of the RXRs
{Figs. 8-11). A comparison on embryonic day 16.5 (E16.5)
reveals a clear differential expression of the three RXR
subtypes {Fig. 8). The RXRa transcript is found predom-
inantly in the epithelia of the digestive system, the skin,
and the liver (Fig. 8a). Expression is low in the central
nervous system (CNS) and the skeleton. This pattern is
found from the earliest stages of organogenesis through
parturition (data not shown) and continues forward from
newborn and adult (see Figs. 6a and 9a,b). High RXRa
signals are easily detected in the liver, the villi of the
small intestine and epithelia of the colon, and the skin
{Fig. 9a,b). This pattern of expression supports the pro-
posed role of RXRa in metabolism and retinoid physiol-
ogy (Mangelsdorf et al. 1990, 1991). Before E10, we note
intense hybridization signals present only in the ex-
traembryonic tissue of the uterine wall {decidua), which
can first be detected at E5 after implantation of the em-
bryo (Fig. 9¢). Other preliminary data suggest that in sub-
sequent stages before organogenesis there is also expres-
sion in the placenta.

In situ hybridization did not reveal a high degree of
specificity for RXR@ transcription in the embryo, and in
many cases the differences in signal intensity could not
be distinguished from cell density (Fig. 8b). However, in
contrast to RXRa, there were significant levels of RXRB
transcripts detected in the CNS. The widespread embry-
onic expression of RXRB is similar to that found in the
adult (Fig. 6a).

The RXRy transcript displays the highest restriction of
the three receptors (e.g., Fig. 8c). The intense hybridiza-
tion signals seen at this stage are restricted to the corpus
striatum (caudate putamen) and the pituitary, although
weaker expression can also be detected in the neck and
skeletal muscle, and tongue (Fig. 10 a—c). The high level
of RXRy expression in the striatum continues to be ob-
served until at least 7 days after birth (data not shown).
When the analysis of RXRy is extended to earlier stages
of development, the striking expression in the striatum
could be identified as early as E13.5 (Fig. 11a) and, in the
pituitary anlage, as early as E11 (Fig. 11b). At these ear-
lier stages (E10-E13), prominent high signals were also
detected in the somites, which are precursors to skeletal
muscle (Fig. 11 b—f), and in the ventral horns of the spinal
cord (Fig. 11f]. In contrast to the RARs, prominent ex-
pression of any of the RXR subtypes was not observed in
the developing limbs or skeletal system.

Discussion
The RXR Family

A striking observation to come from the original char-
acterization of hRXRa was the apparent dissimilarity in
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sequence to that of the RARs, providing evidence for an
evolutionarily distinct retinoid-response pathway. An
understanding of the differences and similarities of the
RAR and RXR systems requires knowledge of the diver-
sity of the family members, their patterns of expression,
and their pharmacology in response to cognate ligands.
In this paper we report the isolation of cDNAs encoding
three mouse RXR proteins {mRXRe, B, and vy). These
proteins are closely related to each other both in their
DNA-binding and ligand-binding domains. Their homol-
ogies indicate that these receptors are likely to regulate
common target sequences and respond to common
ligands. However, they differ markedly in their amino-
terminal domains, which could confer distinct trans-ac-
tivation functions. Interestingly, although a Drosophila
homolog of the RXR gene has been identified as the ul-
traspiracle locus, there is no apparent insect homolog of
the RARs (Oro et al. 1990). This indicates the ancient
evolutionary origin of the RXRs and raises the question
as to whether RXRs might represent the original retinoid
signaling system. In this respect, it will be of interest to
discover the ligand for ultraspiracle.

A novel signaling pathway

hRXRa was identified originally by its ability to respond
to all-trans RA, and similarly, murine RXR subtypes are
also activated by all-trans RA. However, the inability of
RA to bind to in vitro-expressed RXR and the high doses
of RA required in transfections for transcriptional acti-
vation led us to propose that this retinoid served as a
metabolic precursor to a higher-affinity ligand. Recently,
we demonstrated that 9-cis RA is a naturally occurring,
high-affinity ligand for the hRXRa as determined by a
combination of binding and activation studies (Heyman
et al. 1992). We also confirmed that all-trans RA shows

RXRa

RXRB

no detectable binding affinity for RXRa. We extend those
findings here to demonstrate that 9-cis RA is also reti-
noid X for the mouse RXRa, B, and vy subtypes. Each of
these receptors is activated by 9-cis RA with both in-
creased potency and efficacy relative to all-trans RA. Al-
though RXRs may interact with RARs (see below), they
may also function independently. Expression in Droso-
phila Schneider cells is sufficient to reconstitute retinoid
responsiveness. Thus, not only do the RXRs bind and
respond to 9-cis RA but they are able to activate target
genes in the absence of other RAR gene products. Fur-
thermore, the RXRs are capable of activating through the
recently described response element in the CRBPII gene
that is not induced by the RARs {Mangelsdorf et al.
1991). These results indicate that the RXRs are bona fide
members of the nuclear receptor family and, together
with the discovery of the new vertebrate hormone, 9-cis
RA, define a second retinoid signaling pathway.

Tissue distribution

Although the RXRs can regulate distinct target genes
from the RARs as described above, they may also regu-
late common target genes. The existence of three RARs
and three RXRs that mediate the effects of the two ret-
inoid hormones, all-trans RA and 9-cis RA, could help to
account for the vast influence of retinoids on develop-
ment and physiology. To understand the physiologic role
of 9-cis RA, we have begun to analyze the target tissues
for RXRs. In aggregate, in the adult organism, the RXRs
are widely expressed. In general, for all the receptors, the
adult pattern reflects a perdurance of that observed in
situ in the embryo. Although there is no absolute corre-
lation between the individual RAR and RXR subtypes,
there are several interesting similarities. For example,
both RARa and RXR are found in almost all tissues,

RXRy

Figure 8. Localization of mRXR transcripts in E16.5 mouse embryos. Adjacent parasagittal sections of E16.5 embryos were hybridized
in situ with probes for mRXRa (a), mRXRB {b), or mRXRy (c). Photographs of sections were made by using the autoradiograph as a
negative, giving white signals against a dark background. (CS) Corpus striatum; (In) intestine; (Li} liver; (NM) neck muscle; (Pi)

pituitary; (Sk) skin; (To) tongue. Bar, 1 mm.
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Figure 9. Localization of mRXRa transcripts in embryonic and neonatal
mice. Sections shown are from the abdomen (a,b) of a 3-day-old mouse and
the extraembryonic tissue (c] of an E5 mouse embryo. The parasagittal
section in @ and b and the cross section of implanted embryos in ¢ were
hybridized in situ with an mRXRa-specific probe. Photographs are from
bright- and dark-field illumination in a and b, respectively, and from an
autoradiograph as described in Fig. 8 in ¢. {Co} Colon; (D) decidua; (In)
intestine; (Li) liver; (Sk) skin. Bar, 1 mm.

Figure 10. Localization of mRXRy transcripts in an E16.5 mouse embryo. In situ hybridization using an mRXRy-specific probe was
performed on sections taken at the midline (mid-sagittal) in a and progressing laterally outward (parasagittal) in b and c. Thus, as
expected, the signals in the pituitary are restricted to the mid-sagittal sections; the corpus striatum signals are localized in the more
parasagittal sections. Photographs were made as described in Fig. 8. (CS) Corpus striatum; (NM) neck muscle; (Pi) pituitary. Bar, 1 mm.
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Figure 11. Localization of mRXRy tran-
scripts at various stages in the mouse embryo.
In situ hybridizations were performed with
the same mRXRy-specific probe used in Figs.
8c and 10. (a) Two adjacent coronal sections
through the head of an E13.5 embryo photo-
graphed as in Fig. 8. (b) Sagittal section of an
Ell embryo. (c) Oblique section through the
spinal cord and somites of an E10 embryo. (d)
Sagittal section of an E11 embryo. (e) Higher
magnification of somites shown in d. {f) Co-
ronal section through the spinal cord of an
E13 embryo. Bright- and dark-field illumina-
tions are shown in b—f. (CS) corpus striatum;
(DH) dorsal horn; (Me) mesencephalon (meso-
coel); (My) myelencephalon (myelocoel); (NC)
neural canal; (PA) pituitary anlage; (Pc) pre-
cartilage; (SC) spinal cord; {So) somite; (Te)
telencephalon (teleocoel); (VH) ventral horn.
Bar, 1 mm.
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whereas RARB and RARy and RXRa and RXRy are much
more restricted. Although RXRB shows no striking pat-
tern, there is increased expression in the anterior exten-
sions of the spinal cord and hind brain. RXRa shows
abundant expression in liver, kidney, spleen, and a vari-
ety of visceral tissues that are in marked distinction to
the RAR subtypes that are found in very low levels at
these corresponding sites (Giguere et al. 1987; Brand et
al. 1988; Zelent et al. 1989; Kastner et al. 1990). This
pattern led us to propose that RXRa may be involved in
retinoid and lipid metabolism, a hypothesis that was bol-
stered further by the demonstration that the CRBPII
{Mangelsdorf et al. 1991} and apolipoprotein {apoAl)
(Rottman et al. 1991) genes are RXR responsive. CRBPII
helps to absorb dietary retinol and assist in its transfer to
chylomicrons and ultimate transport to the liver. ApoAl
is a major constituent of both chylomicrons and high-
density lipoproteins, which are known to play an impor-
tant role in cholesterol metabolism. Because high levels
of retinoids are teratogenic, especially to the early em-
bryo, the abundant early expression of RXRa in the de-
cidua and placenta may indicate that RXRa has a role in
feedback regulation of retinoid uptake and storage in the
embryo. The expression of RXRa in vital organs suggests
an additional role for retinoids in physiologic homeosta-
sis. Interestingly, RXRa and RARYy are both expressed
abundantly in the epidermis (Fig. 7; Kastner et al. 1990,
indicating that these two receptors are likely to be re-
sponsible for the dermatologic effects of retinoids.

The most restricted of the three receptors is RXRy,
which also shows a lower level of expression in the em-
bryo and the adult. It is particularly common in the mus-
cle and the brain. Thus, one might anticipate a role for
RXRy in aspects of muscle and CNS differentiation. In
the chicken, a homolog of RXRy has been shown to be
expressed in the developing peripheral nervous system
{Rowe et al. 1991). The CNS pattern of RXRy expression
in the mouse is particularly interesting, showing prom-
inence in the embryonic anlage to the caudate putamen
(basal ganglia). This is the major target of dopaminergic
innervation by the substantia nigra. It is also the end site
of impaired dopaminergic transmission found in Parkin-
sonian disorders {Yurek and Sladek 1990). Because the
neurons of the corpus striatum tend to be generated
along distinct spatiotemporal gradients, it will be of in-
terest to discover whether these gradients can be influ-
enced by retinoids. Interestingly, both RXRy and RARB
are coexpressed in the motor neurons of the spinal cord,
again suggesting a selective parity between these two
receptor systems. We find prominent expression of
RXRy in the pituitary, suggesting a potential role for
retinoids in the regulatory cascade associated with hy-
pophyseal differentiation.

Family ties

It is generally believed that the nuclear receptors func-
tion as either homo- or heterodimers in binding to, and
regulating expression of, target genes. Dimerization is
apparently critical for high-affinity binding of receptor
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with its cognate hormone-response elements (Kumar
and Chambon 1988). Recent studies have shown that the
binding sites for the vitamin D receptor {VDR), thyroid
hormone receptor (TR}, and RAR are closely related and
comprise direct repeats spaced by 3, 4, or 5 nucleotides,
respectively (Umesono et al. 1991). This underlying re-
lationship suggested a commonality in the way in which
these receptors recognize target DNA. It is believed that
for some receptors, including VDR, TR, and RAR, inter-
action with other nuclear factors is required for DNA
binding (Glass et al. 1990; Liao et al. 1990; Darling et al.
1991; O’Donnell et al. 1991; Yang et al. 1991}). It has been
proposed that such nuclear factors may be members of
the steroid receptor family such that DNA binding
would be mediated by a heterodimeric complex (Glass et
al. 1990). RXRa unexpectedly serves as a common het-
erodimeric partner for the VDR, TR, and RAR (Kliewer
et al. 1992). In vitro, each heterodimer displays cooper-
ative binding to target DNA, suggesting that the inter-
action of the RXR with other receptors may yield a bat-
tery of factors with distinct functional properties. The
range and diversity of effects that might be generated is
augmented further by the existence of o, B, and +y sub-
types. Thus, the interaction of multiple RXR isoforms
with other nuclear receptors responsive to their own ar-
ray of ligands is likely to play a critical role in creating
the high degree of diversity and specificity necessary to
regulate a large network of hormone-responsive genes.
Why the VDR, TR, and RAR interact with a common
RXR partner is not yet clear, particularly as the actions
of vitamin D and thyroid hormones are apparently not
RA dependent. RXR may function independently of vi-
tamin A in this role. Adding further to the complexity is
the fact that RXR clearly displays activities on the
CRBPII response element in the absence of any of these
other three receptor types.

Perspectives

The identification of three distinct genes constituting
the RXR subfamily, their patterns of expression, and
their responsiveness to the newly characterized metab-
olite, 9-cis RA, provides the foundation for a much
broader view for the role of retinoids in vertebrate devel-
opment and physiology. The discovery in 1987 by
Giguere et al. and Petkovich et al. of a human RAR of-
fered the hope of analyzing the mechanisms of morpho-
genesis in a vertebrate system. This discovery was made
more meaningful by the recognition that the RAR was a
member of the steroid/thyroid hormone receptor super-
family. It was believed initially that this molecule might
provide a single molecular mechanism to account for the
diverse range of effects of RA in vertebrate development.
This problem has obviously become much more compli-
cated by the identification of the RAR and the RXR fam-
ilies, the identification of distinct and common target
genes, and the exploitation of retinoid isomers as
ligands. This daunting complexity has been augmented
further by the suggestion that the RXRs may form addi-
tional partners with the vitamin D and thyroid hormone
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receptors, forcing a general re-evaluation of our current
notions of signal transduction. Nonetheless, our evolv-
ing understanding of these molecular interactions pro-
vides us with a more comprehensive view of develop-
mental and organ physiology and, most importantly, a
fresh approach to the problem.

Materials and methods
Construction and screening of cDNA libraries

Subtype-specific mRXR c¢cDNAs were isolated by screening an
E16.5 mouse AZAPIl cDNA library {for mRXRa), an adult
mouse liver Agtll cDNA library (for mRXRB), and a E14.5
mouse AZAPII ¢cDNA library (for mRXRy). The mouse liver
c¢DNA library was a gift of J. Darnell (Rockefeller University);
the mouse embryonic ¢cDNA libraries were constructed in
NZAPII (Stratagene) as described by Kakizuka et al. (1991} except
that for the E16.5 library, cDNA inserts were size-selected to >4
kb. To isolate mRXRa and y cDNAs, the AZAPII libraries were
screened at low stringency using the hRXRa cDNA as a probe
{Mangelsdorf et al. 1990). To isolate mRXRp cDNA, the hRXRa
probe was used to first isolate a human liver RXRB cDNA (Man-
gelsdorf et al. 1990}, which was used subsequently to isolate
mRXRgB. All three mRXR cDNAs were excised or subcloned
into the EcoRI site of pBluescript (SK) vectors (Stratagene) and
sequenced using double-stranded DNA template. The orienta-
tion of mRXRs in pSK is as follows: For mRXRa, the Kpnl site
is toward the 5’ end; for mRXR, the Kpnl site is toward the 3’
end; and for mRXRY, the Kpnl site is toward the 5’ end.

Plasmids

The reporter plasmids ADH-CRBPII-CAT and ADH-CRBPII-
LUC contain CRBPII-RXRE (Mangelsdorf et al. 1991) inserted
into position —33 of pD33-ADH-CAT (Mangelsdorf et al.
1990) or pD33-ADH-LUC (Heyman et al. 1992). These report-
ers contain the distal promoter of the Drosophila alcohol dehy-
drogenase gene linked to either the bacterial CAT gene (Kras-
now et al. 1989) or the firefly luciferase gene (Heyman et al.
1992). The A5C—RXR and A5C — USP expression plasmids were
constructed by inserting the full coding region of each respec-
tive receptor into an expression vector containing the Droso-
phila actin 5c¢ promoter (Mangelsdorf et al. 1990). The A5C
expression plasmid for the RXR-USP chimeric receptor XXU
(Fig. 4) was created by replacing the region encoding amino acids
224-462 of hRXRa {Mangelsdorf et al. 1990) with the region
encoding amino acids 190-508 of USP (Oro et al. 1990). Simi-
larly, A5C-UUX was created by replacing the region encoding
amino acids 188-508 of USP with the region encoding amino
acids 221-462 of hRXRa. The poincs of fusion between RXR and
USP were generated by PCR-directed site mutagenesis and con-
firmed by sequencing.

Cotransfection assays

Schneider line S2 cell culture, transfections, and CAT assays
were performed as described previously (Mangelsdorf et al.
1990). Transfection of plasmid DNAs into S2 cells (Figs. 3 and 4)
was accomplished in duplicate in 6-well (35-mm?/well) tissue
culture plates. The amount of plasmids (in pg) cotransfected per
well was 1:0.5:0.5: 8 [ASC-RXR/ADH-CRBPII-CAT/A5C-
Bgal : pGEM4 carrier). Cotransfection assays with the luciferase
reporters (Fig. 5) were performed as described previously (Hey-
man et al. 1992) using Biomek (Beckman) automated work sta-

342 GENES & DEVELOPMENT

tions. Stock concentrations of all-trans RA (Sigma), ddRA (gift
of Gregor Eichele), or the cis isomers of RA (Heyman et al. 1992)
were made up in ethanol or dimethylsulfoxide solvents and de-
livered to cells at 103-fold dilutions [0.1% (vol/vol) of solvent in
media]. The characterization and synthesis of pure RA isomers
has been described {(Heyman et al. 1992). Transfections in which
the control expression plasmid ASC-RXR,., (Mangelsdorf et al.
1990} was substituted for ASC-RXR showed no activation at
any ligand concentration (data not shown). Differences in the
activation profiles shown in Figures 3 and 5 are the result of the
inherent differences in the activation properties of the CAT and
luciferase reporter plasmids and cannot be compared directly.

RNA preparation and Northern analyses

Murine poly(A)™ RNA used in these studies was derived from
fresh tissue, as described previously (Mangelsdorf et al. 1990).
Northern blot gels and hybridizations using murine RNA were
performed as detailed elsewhere (Mangelsdorf et al. 1990). Equal
amounts {10 pg) of poly{A)* RNA represented in each lane (Fig.
6} were verified by ethidium bromide staining and hybridiza-
tions performed with an actin cDNA probe as a control (data not
shown). The human skin RNA blot {Fig. 7) was obtained from
Gary Fisher (Department of Dermatology, University of Mich-
igan, Ann Arbor). Northern hybridizations were performed on
the same blots for each receptor by sequential hybridization and
stripping of each RXR probe. In each case, the probes used were
the entire EcoRI insert of RXRe, RXRB, or RXRy.

In situ hybridization analyses

Antisense RNA probes labeled with [a-3*S]UTP (1000-1500 Ci/
mmole, NEN) were generated with T3 or T7 polymerase from
linearized pSK-mRXRs according to the manufacturer (Strata-
gene). For pSK-mRXRa, Xhol and T3 polymerase were used; for
pSK-mRXRB, Notl and T7 polymerase; and for pSK—-mRXRy,
Asp718 and T3 polymerase. Synthesized probes were purified by
separating free nucleotides with a Sephadex spun column fol-
lowed by ethanol precipitation. Probes of average size 300 bp
were generated by partial alkaline hydrolysis. The in situ hy-
bridizations were performed as described by Bettler et al. (1990).
Specificity of the signals was verified by using unrelated probes
and by using probes from nonoverlapping subclones. The sec-
tions were exposed to Hyperfilm Betamax {Amersham) for 10
days. Some sections were dipped for higher resolution in Kodak
NTB-2 emulsion, developed after 4 weeks, and stained with
Giemsa. Embryos and neonatal mice obtained from matings
between ICR mice (HSD) were collected at the stages described.
The occurrence of a vaginal plug was defined as EO and the day
of birth as PO. Morphological structures were identified by ref-
erence to Rugh (1990) and Theiler (1989).
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