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Retinoid X receptors (RXRs) are members of the
steroid/thyroid hormone receptor superfamily which,
along with retinoic acid receptors (RARs), mediate the
biological effects of retinoids. These effects include
the regulation of many aspects of embryonic develop-
ment, reproductive and visual function, and the main-
tenance of epithelial homeostasis throughout life. The
genes for three distinct retinoid X receptors, RXRa, B3,
and vy, have been localized to separate chromosomes.
In order to determine the organization of the human
RXRa gene, we have isolated a clone containing the
majority of the gene from a human genomic bacterial
artificial chromosome (BAC) library and generated a
physical map. The gene spans over 40 Kilobases in size
and contains at least 10 exons. Comparison with
mapped portions of the mouse RXRa gene indicates
highly conserved intron-exon positioning. These re-
sults provide information necessary to generate con-
structs for targeting the RXRa gene in human cell
lines, which may eventually lead to an understanding
of the function of RXRa in human cancer. © 2000 Academic

Press

Retinoids, including vitamin A and its metabolites,
are essential for the maintenance of normal epithe-
lial growth and differentiation, and are effective
therapeutic and chemopreventive agents for several
epithelial-derived cancers (1-3). Retinoids are also
critically involved in embryonic development, vision,
and maintenance of reproductive capacity (4, 5).
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Retinoids exert their biological effects primarily
through two subfamilies of the steroid/thyroid hor-
mone receptor superfamily, the retinoic acid recep-
tors (RARs) and retinoid X receptors (RXRs) (6—8).
There are three types of RARs (RARq, B, and v) and
RXRs (RXRea, B, and ), all nuclear, ligand-
dependent, DNA-binding transcriptional transacti-
vator proteins (4). Each RAR and RXR type is en-
coded by a different gene and has multiple splice
isoforms (9). RARs are activated by all-trans retinoic
acid (RA) and its 9-cis isomer (9¢c-RA), while RXRs
are only activated by 9c-RA. Upon ligand binding,
RARs and RXRs bind DNA and activate transcrip-
tion primarily as RAR/RXR heterodimers (9). Ligand
binding brings about conformational alterations in
the receptors, resulting in the displacement of core-
pressor proteins and the recruitment of coactivator
proteins to the RAR/RXR heterodimer (10). This re-
sults in receptor binding to DNA and transcriptional
activation of a large number of genes involved in
growth regulation and differentiation (4—6).

The various RARs and RXRs are highly conserved in
evolution and show a greater sequence conservation for
a given type across species lines than between receptor
types within a species (9). The structures of several
human and mouse RAR and RXR genes have been
determined and the chromosomal locations for all
mouse and human RARs and RXRs have been identi-
fied (6, 11-13). However, the physical structure of the
human RXRa gene has not been reported. As part of an
effort to evaluate the function of the RXRa protein
during skin cancer progression and in normal skin
physiology, we have initiated a somatic cell knockout of
the RXRa gene in human skin-derived cell lines. The
initial step toward the construction of a targeting vec-
tor required the partial mapping of the human RXRa
gene. Here we describe the structure of the RXRa gene
and show that it is highly conserved between mouse

and human.
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TABLE 1
Primers Used for PCR and Sequencing

Intron 5" primer 3’ primer

2* CTGGGCTTCAGCACTGGCAG ACCTTGAGGACGCCATTGAG

3 TCACCTATGAACCCCGTCAG ATGCCCATGGCCAGGCACTT

4 CACTATGGAGTGTACAGCTG CTCCACCTCATTCTCGTTCC

5 GGAACGAGAATGAGGTGGAG CAGCTCTGAGAAGTGTGGGA

6 GAACGACCCTGTCACCAACA GAGAAGGAGGCGATGAGCAGCTCATTCCAG
7 CGCCGTGAAGGACGGGATCCTCCTGGCCAC GTCTTGTCCATCTGCATGTC

8 GAGCTTGTGTCCAAGATGCG GACGCATAGACCTTCTCCCTC

9 GAGGGAGAAGGTCTATGCGT AGATGTTCCAGGCATTTGAG

Note. Oligonucleotide sequences were derived from the human cDNA sequence and were chosen based on the mouse gene structure to allow

sequencing of the putative intron—exon boundaries.
* The size of intron 1 has not been determined.

MATERIALS AND METHODS

BAC library screening. The human RXRa gene locus was cloned
by screening a BAC (bacterial artificial chromosome) library (Ge-
nome Systems Inc., St. Louis, MO). A polymerase chain reaction
(PCR)-generated radiolabeled probe containing sequences within the
human RXRa cDNA was used to probe a human genomic BAC
library. The probe was generated from the following oligonucleotides,
5'-ACTATGGAGTGTACAGCTG-3" and 5-CATGCCCATGGCCAG-
GCACTTC-3', which were chosen based on the known intron—exon
boundaries of the mouse cDNA for their likelihood to span a region
within exon 4. One positive clone, pBACXe, containing approxi-
mately 140 kb of genomic DNA was obtained and subjected to re-
striction mapping and sequence analysis.

Restriction mapping. Field Inversion Gel Electrophoresis (FIGE)
was used to obtain a restriction map of pBACXa. Purified BAC DNA
was digested with infrequent cutting enzymes and FIGE gels were
Southern blotted and probed with *P-labeled oligonucleotides which
were contained within each putative exon. Once the location of exons
was determined within the BAC clone, subclones were subjected to
fine mapping with frequent cutting enzymes.

Long and accurate PCR (LA-PCR). Long and accurate PCR (LA-
PCR) was performed using the Takara LA-PCR kit on pPBACXa DNA

to determine the size and location of introns. Oligonucleotides were
derived from the human RXRa cDNA sequence and designed to span
putative introns based on the known intron—exon boundaries of the
mouse RXRa gene (see oligonucleotide list in Table 1). All PCR
fragments were cloned into the pCR-XL- TOPO cloning vector by the
TA cloning method according to the manufacturer’s instructions
(Invitrogen). All clones were then sequenced at both the 5" and 3’
ends to verify correct oligonucleotide priming and to deduce the
correct intron—exon boundaries. Automated sequencing was per-
formed with an Applied Biosystems model 373A fluorescence se-
quencer, at the M. D. Anderson Cancer Center Core Sequencing
Facility.

RESULTS AND DISCUSSION

The human RXRa gene was cloned from a lympho-
cyte BAC genomic library using a PCR-generated *P-
labeled probe spanning a portion of the putative exon
4, which would encode part of the DNA-binding do-
main. The probe was chosen based on the known
intron—exon boundaries of the mouse cDNA for their
likelihood to span a region within exon 4. One positive

TABLE 2
The Partial Nucleotide Sequences and Intron—Exon Junctions of the RXRa Gene

Intron number EXON: Intron Intron size (kb) Intron EXON
1 CCGCTCG a tcttgcag* ATTTCTC
2 CCCCCAG gtgagtg 6 cccccag CTCAGCT
3 TCCTCAG* gtaccge 0.7 cccgcag GCAAGCA
4 CGGGAAG gtaggce 7.8 gttgtag CCGTGCA
5 CAGCTCG gtgagtt 43 actgcag CCGAACG
6 CGGGCAG gtgagtg 6.9 tccccag GCTGGAA
7 TTGACAG gtggggg 2.4 tctgcag GGTGCTG
8 AACCCTG gtatggc 1.9 ctitcag ACTCCAA
9 CGGGAAG gtgggtc 2.2 cctgcag GTTCGCT
10 AGATTCE o

Note. The intron—exon boundaries were determined by sequencing the RXRa BAC clone with oligonucleotides shown in Table 1. Upper and
lower case letters represent exon and intron sequence, respectively. Consensus splice donor and acceptor sites are underlined. (a) Size not
determined. (b) Furthest extent of the putative 3' untranslated region; 1775 base pairs downstream of the translation stop. This sequence
is 105 base pairs downstream of an AAGAAA potential polyadenylation sequence. All intron and 3' untranslated region sequence has been
submitted to GenBank. *Differ from previously published intron—exon boundary for mouse.
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FIG. 1. Determination of intron size by LA-PCR. PCR products

were generated using intron-spanning oligonucleotides. The a and b
lanes designate PCR products generated from the RXRa cDNA and
BAC genomic clone DNA, respectively. Numbers below correspond to
introns 2-9. kb, kilobases; M, size marker.

clone, pBACXa, containing approximately 140 kb of
genomic DNA was obtained and subjected to restric-
tion mapping and sequence analysis. After preliminary
restriction mapping by FIGE (Field Inversion Gel Elec-
trophoresis) with infrequent cutting restriction en-
zymes, the RXRa exons were localized within the BAC
clone. Exon-specific primers were designed, based on
the mouse intron—exon boundaries, and used to di-
rectly sequence the BAC clone (Table 1). In all but 2
cases the mouse and human intron—exon boundaries
were identically located as shown in Table 2. All de-
duced intron—exon boundaries indicate the canonical
consensus splice donor and acceptor sequences in ac-
cordance with the GT/AG rule (14).

Intron size was determined by generating PCR frag-
ments with the LA-PCR kit (Takara) using oligonucleo-
tide pairs situated in sequential exons (Table 1). Both
BAC DNA and human genomic DNA isolated from the
HaCaT cell line (15) were used as templates. The result-
ing fragments were subcloned into the pCR-XL-TOPO
cloning vector (Invitrogen) and sequenced using vector-
specific primers. Identical sized fragments were obtained
for both BAC and genomic DNA templates, indicating
that the BAC DNA has not been altered during cloning.
PCR fragments spanning introns 2-9 (Fig. 1, b lanes and
data not shown) are shown alongside fragments gener-
ated by the same oligonucleotides using the hRXRa«
cDNA as template (Fig. 1, a lanes). All cDNA template
fragment sizes are as expected based on the known se-
quence (6). A PCR fragment spanning intron sequence
between exons 1 and 2 could not be generated from either
BAC or genomic DNA. Based on the structure of the
mouse RXRa gene (11) we speculate that there is a large
distance between these exons (>40 kb) which would place
exon 1 outside of the BAC clone. This is likely since exon
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1-specific oligonucleotides do not detect bands on south-
ern blots of BAC DNA (data not shown). Alternatively, if
exon 1 is contained within the BAC clone, the distance
between exons 1 and 2 may still exceed the length possi-
ble for efficient PCR extension.

The human RXRa gene consists of at least 10 exons
separated by introns ranging in size from 700 base
pairs (intron 3) to more than 7.8 kb (intron 4) (Fig. 2B).
Comparison of the human gene to the previously pub-
lished portion of the mouse gene (16) indicates a nearly
identical structure (Figs. 2B and 2C). This is consistent
with the conserved intron—exon boundaries (Table 2)
and the extremely high degree of amino acid conserva-
tion between the human and mouse RXRa proteins (9).
A close similarity in gene organization between the
mouse and human RXRB gene was also observed by
Nagata et al. (12). The position of three putative 5’
exons (la-c) is indicated in Fig. 2B. The mouse RXRa«
gene, while not completely mapped, has been shown to
encode at least three alternate 5’ exons which can
generate splice variant mMRNAs, mRXRal, a2 and a3,
the latter two of which have only been detected in the
testes (13). The organization of these exons in this
region of the mouse RXRa gene has not been delin-
eated. We have attempted without success to detect
similar alternative 5’ exons in the human gene by
probing BAC DNA Southern blots with oligonucleo-
tides derived from the mouse alternate 5’ exon se-
quences. Also, attempts to generate PCR fragments
using these same oligonucleotides in combination with
exon 2-specific oligonucleotides have failed. It is likely
that such isoforms exist in humans and further anal-
ysis of the human RXRa gene with additional BAC
genomic clones will be necessary in order to fully map
the 5’ region.

A hRXRa cDNA

200bp
8 6 7 7.8 4.3 6.9 24192, \
1a 1b 1¢c 2 34 5 6 7 89 10
hRXRa gene kB
4 9 8
c —— +—
2 34 5
mRXRa gene
FIG. 2. Physical map of the human RXRa gene. (A) The human

RXRa cDNA sequence, including putative 3’ untranslated sequence
(dotted line). (B) The human RXRa gene structure. Numbered boxes
represent exons and the lines represent introns. Exons 1b and 1c are
putative, based on the known mouse alternate splice mMRNAs. Numbers
above the line represent intron sizes in kb. (C) The known mouse RXRa
gene locus. Cross hatches represent regions of unknown size.
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Sequence analysis of exon 10 indicates a long 3’'-
untranslated region which does not contain the canon-
ical AATAAA polyadenylation signal. However a po-
tential noncanonical AAGAAA sequence was detected
1676 base pairs downstream of the translation stop
codon (Fig. 2B and Table 2). No polyadenine tail was
detected as far as 105 base pairs downstream of the
AAGAAA sequence, allowing for the likelihood that the
3’-untranslated region is longer than shown.

In summary we have determined the partial structure
of the human RXRa gene as part of an effort to generate
a targeting construct for somatic cell knockouts in human
cell lines. A similar somatic cell knockout approach,
aimed at understanding RXRa function in mouse embry-
onal carcinoma cells, has been quite fruitful (8, 17). These
same cells have also proven useful for determining
receptor-dependent and -independent effects of reti-
namides, a class of retinoids with potential for cancer
treatment and prevention (18). However, differences in
the physiology of human and mouse tissues make a direct
comparison of these results to the human situation po-
tentially inaccurate. For example, the role of retinoid
signaling in the progression of nonmelanoma skin cancer
in humans may differ from that of mice, which do not get
this type of cancer under normal environmental condi-
tions. The data gathered from the study of retinoid recep-
tor knockout mice in this context might not reflect every
aspect of retinoid receptor function in human skin cancer.
The physical structure of the human RXRa gene deter-
mined in this study will allow the development of target-
ing vectors for the production of human somatic cell
knockouts. Analysis of these cells will yield novel infor-
mation concerning the function of RXRa in human
cancer.
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