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Retinoids exert their biological effects primarily
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Retinoid X receptors (RXRs) are members of the
teroid/thyroid hormone receptor superfamily which,
long with retinoic acid receptors (RARs), mediate the
iological effects of retinoids. These effects include
he regulation of many aspects of embryonic develop-
ent, reproductive and visual function, and the main-

enance of epithelial homeostasis throughout life. The
enes for three distinct retinoid X receptors, RXRa, b,
nd g, have been localized to separate chromosomes.
n order to determine the organization of the human
XRa gene, we have isolated a clone containing the
ajority of the gene from a human genomic bacterial

rtificial chromosome (BAC) library and generated a
hysical map. The gene spans over 40 kilobases in size
nd contains at least 10 exons. Comparison with
apped portions of the mouse RXRa gene indicates
ighly conserved intron–exon positioning. These re-
ults provide information necessary to generate con-
tructs for targeting the RXRa gene in human cell
ines, which may eventually lead to an understanding
f the function of RXRa in human cancer. © 2000 Academic

ress

Retinoids, including vitamin A and its metabolites,
re essential for the maintenance of normal epithe-
ial growth and differentiation, and are effective
herapeutic and chemopreventive agents for several
pithelial-derived cancers (1–3). Retinoids are also
ritically involved in embryonic development, vision,
nd maintenance of reproductive capacity (4, 5).
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hrough two subfamilies of the steroid/thyroid hor-
one receptor superfamily, the retinoic acid recep-

ors (RARs) and retinoid X receptors (RXRs) (6 – 8).
here are three types of RARs (RARa, b, and g) and
XRs (RXRa, b, and g), all nuclear, ligand-
ependent, DNA-binding transcriptional transacti-
ator proteins (4). Each RAR and RXR type is en-
oded by a different gene and has multiple splice
soforms (9). RARs are activated by all-trans retinoic
cid (RA) and its 9-cis isomer (9c-RA), while RXRs
re only activated by 9c-RA. Upon ligand binding,
ARs and RXRs bind DNA and activate transcrip-

ion primarily as RAR/RXR heterodimers (9). Ligand
inding brings about conformational alterations in
he receptors, resulting in the displacement of core-
ressor proteins and the recruitment of coactivator
roteins to the RAR/RXR heterodimer (10). This re-
ults in receptor binding to DNA and transcriptional
ctivation of a large number of genes involved in
rowth regulation and differentiation (4 – 6).
The various RARs and RXRs are highly conserved in

volution and show a greater sequence conservation for
given type across species lines than between receptor

ypes within a species (9). The structures of several
uman and mouse RAR and RXR genes have been
etermined and the chromosomal locations for all
ouse and human RARs and RXRs have been identi-

ed (6, 11–13). However, the physical structure of the
uman RXRa gene has not been reported. As part of an
ffort to evaluate the function of the RXRa protein
uring skin cancer progression and in normal skin
hysiology, we have initiated a somatic cell knockout of
he RXRa gene in human skin-derived cell lines. The
nitial step toward the construction of a targeting vec-
or required the partial mapping of the human RXRa
ene. Here we describe the structure of the RXRa gene
nd show that it is highly conserved between mouse
nd human.
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s

Vol. 269, No. 1, 2000 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
ATERIALS AND METHODS

BAC library screening. The human RXRa gene locus was cloned
y screening a BAC (bacterial artificial chromosome) library (Ge-
ome Systems Inc., St. Louis, MO). A polymerase chain reaction
PCR)-generated radiolabeled probe containing sequences within the
uman RXRa cDNA was used to probe a human genomic BAC

ibrary. The probe was generated from the following oligonucleotides,
9-ACTATGGAGTGTACAGCTG-39 and 59-CATGCCCATGGCCAG-
CACTTC-39, which were chosen based on the known intron–exon
oundaries of the mouse cDNA for their likelihood to span a region
ithin exon 4. One positive clone, pBACXa, containing approxi-
ately 140 kb of genomic DNA was obtained and subjected to re-

triction mapping and sequence analysis.

Restriction mapping. Field Inversion Gel Electrophoresis (FIGE)
as used to obtain a restriction map of pBACXa. Purified BAC DNA
as digested with infrequent cutting enzymes and FIGE gels were
outhern blotted and probed with 32P-labeled oligonucleotides which
ere contained within each putative exon. Once the location of exons
as determined within the BAC clone, subclones were subjected to
ne mapping with frequent cutting enzymes.

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

TA

The Partial Nucleotide Sequences and

Intron number EXON: Intron

1 CCGCTCG
2 CCCCCAG gtgagtg
3 TCCTCAG* gtaccgc
4 CGGGAAG gtaggcc
5 CAGCTCG gtgagtt
6 CGGGCAG gtgagtg
7 TTGACAG gtggggg
8 AACCCTG gtatggc
9 CGGGAAG gtgggtc

10 AGATTCCb

Note. The intron–exon boundaries were determined by sequencing
lower case letters represent exon and intron sequence, respectively.
determined. (b) Furthest extent of the putative 3' untranslated regi
is 105 base pairs downstream of an AAGAAA potential polyadenyla
submitted to GenBank. *Differ from previously published intron–ex

Primers Used for P

Intron 59 primer

2* CTGGGCTTCAGCACTGGCAG
3 TCACCTATGAACCCCGTCAG
4 CACTATGGAGTGTACAGCTG
5 GGAACGAGAATGAGGTGGAG
6 GAACGACCCTGTCACCAACA
7 CGCCGTGAAGGACGGGATCCTCCTGGCC
8 GAGCTTGTGTCCAAGATGCG
9 GAGGGAGAAGGTCTATGCGT

Note. Oligonucleotide sequences were derived from the human cDN
equencing of the putative intron–exon boundaries.
* The size of intron 1 has not been determined.
55
o determine the size and location of introns. Oligonucleotides were
erived from the human RXRa cDNA sequence and designed to span
utative introns based on the known intron–exon boundaries of the
ouse RXRa gene (see oligonucleotide list in Table 1). All PCR

ragments were cloned into the pCR-XL- TOPO cloning vector by the
A cloning method according to the manufacturer’s instructions

Invitrogen). All clones were then sequenced at both the 59 and 39
nds to verify correct oligonucleotide priming and to deduce the
orrect intron–exon boundaries. Automated sequencing was per-
ormed with an Applied Biosystems model 373A fluorescence se-
uencer, at the M. D. Anderson Cancer Center Core Sequencing
acility.

ESULTS AND DISCUSSION

The human RXRa gene was cloned from a lympho-
yte BAC genomic library using a PCR-generated 32P-
abeled probe spanning a portion of the putative exon
, which would encode part of the DNA-binding do-
ain. The probe was chosen based on the known

ntron–exon boundaries of the mouse cDNA for their
ikelihood to span a region within exon 4. One positive

2

ron–Exon Junctions of the RXRa Gene

Intron size (kb) Intron EXON

a tcttgcag* ATTTCTC
6 cccccag CTCAGCT
0.7 cccgcag GCAAGCA
7.8 gttgtag CCGTGCA
4.3 actgcag CCGAACG
6.9 tccccag GCTGGAA
2.4 tctgcag GGTGCTG
1.9 ctttcag ACTCCAA
2.2 cctgcag GTTCGCT

RXRa BAC clone with oligonucleotides shown in Table 1. Upper and
nsensus splice donor and acceptor sites are underlined. (a) Size not
1775 base pairs downstream of the translation stop. This sequence
sequence. All intron and 3' untranslated region sequence has been

boundary for mouse.

and Sequencing

39 primer

ACCTTGAGGACGCCATTGAG
ATGCCCATGGCCAGGCACTT
CTCCACCTCATTCTCGTTCC
CAGCTCTGAGAAGTGTGGGA
GAGAAGGAGGCGATGAGCAGCTCATTCCAG
GTCTTGTCCATCTGCATGTC
GACGCATAGACCTTCTCCCTC
AGATGTTCCAGGCATTTGAG

equence and were chosen based on the mouse gene structure to allow
Int
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lone, pBACXa, containing approximately 140 kb of
enomic DNA was obtained and subjected to restric-
ion mapping and sequence analysis. After preliminary
estriction mapping by FIGE (Field Inversion Gel Elec-
rophoresis) with infrequent cutting restriction en-
ymes, the RXRa exons were localized within the BAC
lone. Exon-specific primers were designed, based on
he mouse intron–exon boundaries, and used to di-
ectly sequence the BAC clone (Table 1). In all but 2
ases the mouse and human intron–exon boundaries
ere identically located as shown in Table 2. All de-
uced intron–exon boundaries indicate the canonical
onsensus splice donor and acceptor sequences in ac-
ordance with the GT/AG rule (14).

Intron size was determined by generating PCR frag-
ents with the LA-PCR kit (Takara) using oligonucleo-

ide pairs situated in sequential exons (Table 1). Both
AC DNA and human genomic DNA isolated from the
aCaT cell line (15) were used as templates. The result-

ng fragments were subcloned into the pCR-XL-TOPO
loning vector (Invitrogen) and sequenced using vector-
pecific primers. Identical sized fragments were obtained
or both BAC and genomic DNA templates, indicating
hat the BAC DNA has not been altered during cloning.
CR fragments spanning introns 2–9 (Fig. 1, b lanes and
ata not shown) are shown alongside fragments gener-
ted by the same oligonucleotides using the hRXRa
DNA as template (Fig. 1, a lanes). All cDNA template
ragment sizes are as expected based on the known se-
uence (6). A PCR fragment spanning intron sequence
etween exons 1 and 2 could not be generated from either
AC or genomic DNA. Based on the structure of the
ouse RXRa gene (11) we speculate that there is a large

istance between these exons (.40 kb) which would place
xon 1 outside of the BAC clone. This is likely since exon

FIG. 1. Determination of intron size by LA-PCR. PCR products
ere generated using intron-spanning oligonucleotides. The a and b

anes designate PCR products generated from the RXRa cDNA and
AC genomic clone DNA, respectively. Numbers below correspond to

ntrons 2–9. kb, kilobases; M, size marker.
56
rn blots of BAC DNA (data not shown). Alternatively, if
xon 1 is contained within the BAC clone, the distance
etween exons 1 and 2 may still exceed the length possi-
le for efficient PCR extension.
The human RXRa gene consists of at least 10 exons

eparated by introns ranging in size from 700 base
airs (intron 3) to more than 7.8 kb (intron 4) (Fig. 2B).
omparison of the human gene to the previously pub-

ished portion of the mouse gene (16) indicates a nearly
dentical structure (Figs. 2B and 2C). This is consistent
ith the conserved intron–exon boundaries (Table 2)
nd the extremely high degree of amino acid conserva-
ion between the human and mouse RXRa proteins (9).

close similarity in gene organization between the
ouse and human RXRb gene was also observed by
agata et al. (12). The position of three putative 59

xons (1a-c) is indicated in Fig. 2B. The mouse RXRa
ene, while not completely mapped, has been shown to
ncode at least three alternate 59 exons which can
enerate splice variant mRNAs, mRXRa1, a2 and a3,
he latter two of which have only been detected in the
estes (13). The organization of these exons in this
egion of the mouse RXRa gene has not been delin-
ated. We have attempted without success to detect
imilar alternative 59 exons in the human gene by
robing BAC DNA Southern blots with oligonucleo-
ides derived from the mouse alternate 59 exon se-
uences. Also, attempts to generate PCR fragments
sing these same oligonucleotides in combination with
xon 2-specific oligonucleotides have failed. It is likely
hat such isoforms exist in humans and further anal-
sis of the human RXRa gene with additional BAC
enomic clones will be necessary in order to fully map
he 59 region.

FIG. 2. Physical map of the human RXRa gene. (A) The human
RXRa cDNA sequence, including putative 39 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 mRNAs. 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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ntranslated region which does not contain the canon-
cal AATAAA polyadenylation signal. However a po-
ential noncanonical AAGAAA sequence was detected
676 base pairs downstream of the translation stop
odon (Fig. 2B and Table 2). No polyadenine tail was
etected as far as 105 base pairs downstream of the
AGAAA sequence, allowing for the likelihood that the
9-untranslated region is longer than shown.
In summary we have determined the partial structure

f the human RXRa gene as part of an effort to generate
targeting construct for somatic cell knockouts in human

ell lines. A similar somatic cell knockout approach,
imed at understanding RXRa function in mouse embry-
nal carcinoma cells, has been quite fruitful (8, 17). These
ame cells have also proven useful for determining
eceptor-dependent and -independent effects of reti-
amides, a class of retinoids with potential for cancer
reatment and prevention (18). However, differences in
he physiology of human and mouse tissues make a direct
omparison of these results to the human situation po-
entially inaccurate. For example, the role of retinoid
ignaling in the progression of nonmelanoma skin cancer
n humans may differ from that of mice, which do not get
his type of cancer under normal environmental condi-
ions. The data gathered from the study of retinoid recep-
or knockout mice in this context might not reflect every
spect of retinoid receptor function in human skin cancer.
he physical structure of the human RXRa gene deter-
ined in this study will allow the development of target-

ng vectors for the production of human somatic cell
nockouts. Analysis of these cells will yield novel infor-
ation concerning the function of RXRa in human

ancer.
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