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One of the primary goals in transcription factor research is the elucidation of the genetic networks controlled
by a factor or by members of a family of closely related factors. The pleiotropic effects of retinoic acid (RA) in
the developing and adult animal are mediated by ligand-inducible transcription factors (RA receptors [RARs]
and retinoid X receptors [RXRs]) that belong to the superfamily of nuclear receptors. Regulatory regions of
RA effector genes contain RAR and RXR binding sites (RAR elements [RAREs] and RXR elements [RXREs])
that generally consist of direct or everted repeats of the core half-site motif, (A/G)G(G/T)TCA. In order to
identify novel genes regulated by RA, we devised a selection strategy based on the premise that regulatory
regions of a large number of housekeeping and tissue-specific genes are embodied within CpG island DNA. In
this method, referred to as CpG-selected and amplified binding, fragments derived from the CpG island
fraction of the murine genome are selected by a gel mobility shift assay using in vitro-transcribed and
-translated RXR-RAR. Multiple rounds of selection coupled with amplification of the fragments by PCR
enabled us to clone a population of CG-rich fragments of which approximately one-fifth contained consensus
RAREs or RXREs. Twelve genomic fragments containing novel response elements are described, and the
transcription unit associated with one of them, NN8-4AG, was characterized in detail. The mouse NN8-4AG
transcript is upregulated by RA in F9 embryonal carcinoma cells and is homologous to an expressed sequence
tag (EST41159) derived from a human infant brain cDNA library. Cloning of the murine NN8-4AG genomic
sequence places the RXRE in the proximity of the transcription initiation sites of the gene. Although sequence
analysis indicates that the EST41159 gene product is novel, a region of amino acid identity with sequences of
a yeast polypeptide of, as yet, unknown function and the Drosophila trithorax protein suggests the presence of
an evolutionarily and functionally conserved domain. Our study demonstrates that transcription factor bind-
ing sites and corresponding regulated genes can be identified by selecting fragments derived from the CpG
island fraction of the genome.

Vitamin A (retinol) and its derivatives are essential for the
embryonic development, growth, and reproduction of verte-
brates and for the regulation of the proliferation and differen-
tiation of many cell types in adult animals (46). The ability of
the active retinol derivatives all-trans retinoic acid (atRA) and
9-cis RA (9cRA) to mediate these biological effects can be
attributed to the regulation of specific target genes. Both atRA
and 9cRA interact in the nucleus with ligand-inducible tran-
scription factors that belong to the superfamily of steroid,
thyroid, and retinoid receptors. Two classes of retinoid recep-
tors have been defined: the RA receptors (RARa, -b, and -g),
which bind both atRA and 9cRA, and the retinoid X receptors
(RXRa, -b, and -g), which are capable of binding only 9cRA
with high affinity (reviewed in references 16, 25, and 36). RARs
and RXRs recognize short DNA elements that are present in
the regulatory regions of responsive genes and that are termed
RAR elements (RAREs) and RXR elements (RXREs). These
elements generally consist of direct repeats of the core con-
sensus hexamer, (A/G)G(T/G)TCA (for a review, see refer-
ence 25). Other sequences able to function as RAREs consist
of inverted and everted repeats of the core hexamer motif as

well as complex elements composed of multiple core motifs
arranged in direct, inverted, or everted configurations with
spacings of various lengths (43, 52, 53, 55).
Despite extensive knowledge of RA action at the molecular

level, relatively few RA target genes have been identified (for
reviews, see references 25 and 29). In addition to the charac-
terization of known genes previously shown to be regulated by
RA, differential and/or subtractive hybridization strategies
have been used to isolate cDNAs derived from differentially
expressed mRNAs of unknown genes from untreated versus
RA-treated cells (14, 29). The major drawbacks of this method
are that only a fraction of the cloned genes will be direct
targets of the retinoid receptors and that a time- and effort-
consuming step is required to identify the RAREs and RXREs
associated with the transcriptional units encoding the regu-
lated mRNAs. An alternative strategy would be to isolate
RAREs and RXREs present in vertebrate genomes first and
then to characterize the genes associated with these elements.
However, the observation that retinoid receptor binding sites
are relatively short and sometimes degenerate means that pu-
tative RAREs and RXREs are scattered throughout the ge-
nome, both in regions that play a role in transcription and in
transcriptionally inert regions. In addition, to be biologically
relevant, the search for retinoid receptor binding sites should
concentrate not only on DNA fragments located in the regu-
latory region of genes but also on transcription units actively
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transcribed in the tissue or cells of interest. One approach
directed towards the isolation of in vivo target genes is the
immunoprecipitation of chromatin fragments with transcrip-
tion factor-specific antibody (28). This approach has been used
to isolate genomic targets of the thyroid hormone receptors
(8, 9).
In an effort to isolate RA target genes, we have developed a

novel selection strategy that takes advantage of a unique and
striking feature of the vertebrate genome: the presence of CpG
islands. CpG islands are G1C-rich regions that, unlike the
majority of vertebrate genomic DNAs (bulk chromatin), do not
show a reduced frequency of CpG dinucleotides and are not
methylated at the C of these dinucleotides (3, 11). These re-
gions are located in or near the promoter regions of genes and
often include the first exon of the gene (3, 11). Moreover, Tazi
and Bird (50) have shown that nonnucleosomal (NN) DNA, a
fraction of the genome associated with transcribed genes, is
predominantly derived from the CpG island fraction of the
genome. These NN fragments can be isolated away from bulk
chromatin with restriction enzymes containing CpG within
their recognition sequences (50). Taken together, these obser-
vations suggest that CpG-island-derived NN fragments could
provide an excellent source of genetic material to scan for
biologically relevant binding sites for retinoid receptors or any
other transcription factors.
Using CpG-island-enriched DNA derived from the nuclei of

murine embryonal carcinoma (EC) cells as starting material,
we utilized a combination of PCR amplification and gel mo-
bility shift assays to select NN fragments that contain RAREs
and RXREs. By analyzing the genomic DNA flanking each
RARE, associated transcribed regions can be identified. As
this isolation method is a modification of selected and ampli-
fied binding (SAAB) (12), we have termed this method CpG-
SAAB. In this paper, we describe CpG-SAAB, the functional
characterization of 12 genomic fragments containing RAREs
and RXREs, and the identification of a novel RA-responsive
gene associated with one of the RXRE-containing fragments.
Our study demonstrates that transcription factor binding sites
and corresponding regulated genes can be identified by select-
ing from fragments derived from the CpG island fraction of the
genome.

MATERIALS AND METHODS

Isolation of nuclei and chromatin digestion. Nuclei were prepared as de-
scribed by Dony et al. (20) and Tazi and Bird (50), with some modifications. Five
100-mm-diameter confluent plates of F9 EC cells were trypsinized, pelleted, and
washed with cold phosphate-buffered saline. To gently lyse the cells, 7.5 ml of
cold 0.025% Nonidet P-40 lysis buffer (10 mM triethanolamine [TEA], 1.5 mM
MgCl2, 10 mM KCl, 1 mM dithiothreitol, and 0.025% Nonidet P-40) was added
and pipetted up and down 15 times. After centrifugation at 2003 g for 4 min, the
pellet was resuspended in 0.025% Nonidet P-40 lysis buffer, layered on a 0.8 M
sucrose cushion dissolved in lysis buffer, and then pelleted again at 200 3 g for
8 min. Nuclei were resuspended gently in 500 ml of storage buffer containing 75
mM KCl, 0.25 mM MgCl2, 1 mM EDTA, 0.5 mM ethylene glycol-bis(b-amin-
oethyl ether)-N,N,N9,N9-tetraacetic acid (EGTA), 0.15 mM spermine, 0.5 mM
spermidine, 20 mM N-2-hydroxyethylpiperazine-N9-2-ethanesulfonic acid
(HEPES) (pH 7.9), 10 mM b-mercaptoethanol, 0.23 M sucrose, and 20% glyc-
erol. An average of 4 3 107 nuclei were obtained from five plates of F9 cells.
Nuclei were stored at2708C. As described by Tazi and Bird (50), 500-ml aliquots
of nuclei were thawed, pelleted for 10 s, and gently resuspended in 13 digestion
buffer (50 mM Tris-HCl [pH 8.0], 10 mM MgCl2) and 400 U (each) of MspI and
HinPI in a total volume of 1 ml. Digestion was followed by proteinase K treat-
ment. Subsequent to phenol-chloroform extraction and ethanol precipitation,
DNA was dissolved in 400 ml of Tris-EDTA.
Isolation and PCR amplification of NN fragments. Fragments for PCR am-

plification and gel mobility shift selection were prepared by running 10 to 30 ml
of the chromatin digest on a 1.5% low-melt-agarose gel. Fragments migrating to
between 75 and 140 bp were blunted with the Klenow fragment of DNA poly-
merase, phenol chloroform extracted, ethanol precipitated, and resuspended in
10 ml of Tris-EDTA. The fragments were then ligated overnight at 168C to catch
linkers (catch A [59-GAGTAGAATTCTAATATCTC-39] and its complement,

catch B) by following a procedure outlined by Kinzler and Vogelstein (32).
Overdigestion with XhoI in a total volume of 500 ml cuts between annealed
linkers and results in NN fragments with a single catch linker on either end. The
digest was passed through a Qiagen tip 5 column and ethanol precipitated, and
fragments with the appropriate sizes were reisolated from a 1.5% low-melt-
agarose gel (SeaKem). The resulting NN fragments, which were quantitated by
ethidium bromide agarose plate quantitation, were resuspended in 10 ml of
Tris-EDTA, typically resulting in a concentration of 2 to 5 ng/ml. To amplify and
radiolabel the NN fragments for gel mobility shift selection, the catch A oligo-
nucleotide was end labeled with [g-32P]ATP and polynucleotide kinase (New
England Biolabs). PCR mixtures consisted of 15 ng of NN catch-linked fragment,
250 ng (each) of labeled catch A and unlabeled catch B oligonucleotides, PCR
buffer, MgCl2, and Taq polymerase (according to Perkin-Elmer Cetus instruc-
tions). Fifteen cycles of denaturation for 1 min at 948C, annealing for 2 min at
508C, and extension for 2 min at 728C, with a 4-min denaturation at 948C prior
to the first cycle, were performed. Fragments with the appropriate sizes (115 to
190 bp) were then isolated on a 1.5% low-melt-agarose gel, resuspended in 10 ml
of water, and stored at 2208C.
Gel mobility shift assays. Gel mobility shift assays were performed with in

vitro-transcribed and -translated RAR and RXR. The proteins were synthesized
in rabbit reticulocyte lysate (RRL) with the TNT-T7 kit (Promega, Madison,
Wis.). Typically, 2 ml of each RAR- and RXR-programmed RRL was combined
with binding buffer (5 mM Tris-HCl [pH 8.0], 40 mM KCl, 6% glycerol, 1 mM
dithiothreitol, and 0.05%Nonidet P-40), 2 mg of poly(dI-dC) (Pharmacia), 0.1 mg
of denatured salmon sperm DNA, and 10 mg of bovine serum albumin in a total
volume of 20 ml, and the mixture was put on ice for 10 min. One microliter of
labeled NN fragments was added, and the reaction mixture was incubated for an
additional 10 min at room temperature. The reaction mixture was loaded on a
nondenaturing 3.5 to 4% polyacrylamide gel and run at 150 V for 2 h. The gel
was dried and exposed with an intensifying screen for a few hours to overnight.
Control binding reactions with a known RARE (bRARE, 59-AGCTTGAAGG
GTTCACCGAAAGTTCACTCGCA-39 and 59-AGCTTGCGAGTGAACTTT
CGGTGAACCCTTCA-39) were run alongside to provide a marker for protein-
DNA complex migration. A section of the dried gel corresponding to the
migration point of bound NN fragments was cut out, minced with a razor blade,
and eluted with shaking overnight at 378C in 600 ml of elution buffer (0.5 M
ammonium acetate, 1 mM EDTA). After phenol-chloroform extraction, the
selected NN fragments were precipitated with isopropanol and glycogen and
resuspended in 10 ml of water. Half of the isolated NN fragments were used in
a PCR amplification as described above. The selection for NN fragments that
bound to RXR-RAR consisted of eight rounds of PCR amplification followed by
gel mobility shift assay isolation.
Isolation of the RARb2 genomic clone and preliminary testing of CpG-SAAB.

As a control for the preliminary steps of CpG-SAAB, a genomic clone corre-
sponding to the promoter region of the RARb2 gene was isolated from a murine
EMBL-3 SP6/T7 genomic library by using a probe derived from the 59 end of the
mouse RARb2 cDNA. The RARb2 gene is highly responsive to RA and con-
tains a DR-5 RARE (bRARE) in its promoter (18, 49). Approximately 2,500 bp
surrounding the bRARE were sequenced. The pattern of restriction enzyme
recognition sites containing CpG dinucleotides within this region suggests that
the bRARE is within a CpG island that spans approximately 1 kb. Flanking the
bRARE are MspI and HinPI sites, which would enable the release of a 140-bp
NN fragment containing the response element. Primers internal to theMspI and
HinPI sites were designed and used as PCR primers to monitor the presence of
the bRARE NN fragment through the preliminary steps of CpG-SAAB. With
RARb cDNA, F9 genomic DNA, NN fragments, or fragments eluted from the
gel after the first round of selection being used as the template for PCR, a 140-bp
fragment was visualized on an ethidium bromide-stained acrylamide gel (data
not shown). No band was seen in the control lane without the template. The
identity of this fragment was confirmed by Southern blotting with an internal
probe (data not shown). These preliminary experiments established that the
RARE of a known RA-responsive gene is contained within a CpG island, that
the element can be released as a 140-bp NN fragment upon MspI-HinPI diges-
tion of intact F9 nuclei, and that this NN fragment is bound and selected by in
vitro-transcribed and -translated RAR-RXR in the first gel mobility shift selec-
tion of CpG-SAAB.
Cloning and sequencing of NN fragments. After the final PCR amplification,

NN fragments were digested with EcoRI (which cuts within the catch linker) and
ligated into pBluescriptKS (pKS; Stratagene) cut with EcoRI and treated with
calf intestinal phosphatase (Boehringer Mannheim). Dideoxy sequencing reac-
tions were performed with T7 DNA polymerase (Pharmacia) and the T3 and T7
primers. GC compressions were resolved with 7-deaza deoxynucleotides (Phar-
macia) or by running sequencing reactions on a 40% formamide gel.
Recombinant plasmids. Plasmid TKLUC contains sequence 2105 to 151 of

the thymidine kinase (TK) promoter linked to the firefly luciferase gene. TKLUC
plasmids containing NN fragments were constructed by releasing the NN frag-
ments from pKS with SalI and BamHI and cloning them into the corresponding
sites in TKLUC. To create NN-bRARE-TKLUC, a 140-bpMspI-HinPI fragment
from the promoter region of the murine RARb2 gene containing the bRARE
was isolated, cloned directly into pKS (Stratagene) linearized with AccI, and
subsequently inserted into TKLUC as a SalI-BamHI fragment.
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Transient transfection assays. P19 EC cells were cultured in a minimal es-
sential medium containing 7.5% fetal calf serum. Cells were transfected with 1.5
mg of RSV-b-gal and 2 mg of reporter plasmid. b-Galactosidase and luciferase
assays were performed as described previously (26).
Genomic library screening. Clone l8-4-5 was isolated from a murine l

DASHII library of strain 129SV genomic DNA with a 32P-labeled probe gener-
ated from NN fragment 8-4. Hybridization of duplicate nylon membranes was
performed at 428C overnight in a solution of 50% formamide, 13 Denhardt’s
solution, 53 SSPE (13 SSPE is 150 mM NaH2PO4 and 1 mM EDTA), 0.1%
sodium dodecyl sulfate (SDS), 100 mg of denatured salmon sperm DNA per ml,
and 106 cpm of probe per ml. Membranes were washed twice with 0.23 SSC (13
SSC is 0.15 M NaCl plus 0.015 M sodium citrate)–0.1% SDS for 20 min at 608C.
Genomic phage clones were analyzed in detail by restriction mapping and hy-
bridization with NN8-4 and cDNA-derived fragments.
Sequence determination and analysis. Homology of NN8-4 and an expressed

sequence tag (EST) from the EST database was discovered with the BLAST
search program of the National Center for Biotechnology Information (2). Clone
EST41159 (GenBank number R56376) was obtained through the IMAGE Con-
sortium, Lawrence Livermore National Laboratory. EST41159 was subcloned
into pKS, and both this cDNA and genomic subclones were sequenced with T7
DNA polymerase (Pharmacia). T3 and T7 primers, as well as specific primers
derived from the cDNA or genomic sequences, were used to sequence both
strands of the cDNA and genomic subclones. Similarity searches for putative
amino acid sequences were performed with the BLASTX program (2).
Northern (RNA) analysis. F9 EC cells were grown on 0.1% gelatin in Dul-

becco modified Eagle medium supplemented with 15% fetal bovine serum which
had been stripped by using charcoal and anion exchange and treated with UV
light for 1 h for retinoid depletion. The cells were treated with vehicle alone,
retinoids at a concentration of 1 mM each, and/or cycloheximide (Cx) (final
concentration, 10 mg/ml) for various time periods. Total RNA was extracted with
TRIZOL (Gibco BRL). RNA samples were electrophoresed through a 1%
formaldehyde–13 MOPS (morpholinepropanesulfonic acid)–1% agarose gel
and transferred to a nylon membrane in 20% SSC. RNA was UV cross-linked to
the membrane and hybridized to the appropriate random-primed probe in a
solution containing 50% formamide, 53 Denhardt’s solution, 53 SSPE, 0.1%
SDS, and 100 mg of denatured salmon sperm DNA per ml. The membranes were
washed once for 20 min at room temperature with 23 SSC–0.1% SDS and twice
at 658C with 0.23 SSC–0.1% SDS for 15 min each time. Autoradiography was
carried out at 2708C with an intensifying screen. An oligonucleotide hybridizing
to the 18S rRNA (59-ACGGTATCTGATCGTCTTCGAACC-39) was used as a
control probe for loading.
RACE analysis. The rapid amplification of cDNA ends (RACE) system was

used according to the instructions provided by the manufacturer (Gibco BRL).
The primers GSP1, GSP2, and GSP3 were 59-CAGCCTCTGGGCATTCTCCT
CTGCCTTCTC-39 in exon 3, 59-CTTCCGAATCAGCTGTGTGGCAAACAG
TCCC-39 in exon 2, and 59-CGCCACGCCCACGCAGAAGGAGAACAC-39 in
exon 1. First-strand synthesis was performed at 508C.
Nucleotide sequence accession numbers. The GenBank accession numbers for

the complete sequence of EST41159 and the genomic region flanking NN8-4 are
U50383 and U50384, respectively.

RESULTS

Isolation of NN fragments containing RAREs by CpG-
SAAB. Murine EC cell lines, such as F9 and P19, constitute
excellent models to study RA action (31, 48). In addition,
unlike many transformed cell lines, EC cells maintain their
methylation status in culture (4). F9 EC cells were chosen as
starting material for the development of the CpG-SAAB
method. We first tested whether we could release CpG island
DNA from F9 cell nuclei. Restriction enzymes which include a
CpG in their recognition sites will preferentially digest within
CpG island DNA. It has been demonstrated that chromatin
digested by such CG-recognizing enzymes as MspI and HinPI
will release oligonucleosomes predominantly derived from the
CpG island fraction of the genome (5) as well as a population
of fragments that are smaller than the DNA associated with a
single nucleosome (50). MspI and HinPI (the recognition sites
are CCGG and GCGC, respectively) have access to CpG is-
land chromatin not only because of the open structure of the
chromatin (relative to bulk chromatin) and the characteristic
GC-rich composition of this chromatin but also because of the
nonmethylated status of CpG islands. Since HinPI is a meth-
ylation-sensitive enzyme, it will not digest within methylated
bulk chromatin. While MspI can cut methylated DNA, there
appears to be a strong bias against such digestion in bulk

chromatin, possibly due to the protection of methylated DNA
by specifically bound factors (5, 15, 35). F9 cell nuclei subjected
to digestion with a non-CpG-recognizing restriction enzyme,
such as Sau3A (recognition site GATC), release a series of
fragments which, after being radioactively end labeled and
electrophoresed on an agarose gel, can be seen to correspond
to the DNA fragments associated with a single nucleosome, a
dinucleosome, and a trinucleosome, with this pattern continu-
ing into high-molecular-weight DNA (Fig. 1A). In contrast,
digestion with MspI and/or HinPI yields DNA fragments cor-
responding in size only to one to four nucleosomes and a

FIG. 1. NN fragments are released from CpG island chromatin upon diges-
tion with CpG-recognizing enzymes. (A) Intact nuclei from F9 EC cells were
subjected to digestion with restriction enzymes MspI (CCGG), HinPI (GCGC),
or Sau3A (GATC) or a combination of both MspI and HinPI. Subsequent to
isolation, DNA was end labeled and electrophoresed on a 1.5% agarose gel. An
autoradiograph of the gel reveals differences in the digestion patterns caused by
CpG-recognizing enzyme lanes. These fragments are (as illustrated in panel B)
thought to be derived from the nucleosome-free regions within the CpG islands
of activated or potentially activable genes. The outer lanes (M) consist of end-
labeled fragments of pUC19 cut with HpaII. The numbers on the right are
marker band sizes (in base pairs). (B) CpG island chromatin is GC rich and
contains an expected number of CpG dinucleotides, which are generally un-
methylated. This type of chromatin contains an abundance of sites for restriction
enzymes containing CpG in their recognition sites (such as MspI). Bulk chroma-
tin has a low GC content and is deficient in CpG dinucleotides, with those
remaining being methylated. Very few CpG-containing recognition sites are
present in bulk chromatin. Bracketed restriction enzyme sites in both types of
chromatin indicate sites which are inaccessible because of blockage by nucleo-
somes. For details and data on the original experiments, see the report by Tazi
and Bird (50).
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correspondingly greater amount of high-molecular-weight
DNA (Fig. 1A). As was predicted previously (50), a heteroge-
neous population of fragments that are smaller than a single
nucleosome is released upon MspI and/or HinPI digestion.
These fragments, termed NN fragments, are GC rich, are de-
rived in large part from extended stretches of nucleosome-free
DNA that are characteristic of transcribed (or potentially tran-
scribable) genes, and are found predominantly within CpG
islands (Fig. 1B) (50). Thus, the CpG-island-derived NN frag-
ments constitute an ideal fraction of the genome in which to
search for transcription factor binding sites associated with
transcribed genes, in our case, RAREs and RXREs.
The strategy to isolate RARE-containing NN fragments is

schematically represented in Fig. 2. Intact nuclei are first iso-
lated, and the chromatin is subjected to digestion with MspI
and HinPI. The DNA is then electrophoresed on a 1.5% aga-
rose gel, and NN fragments migrating to between 75 and 140
bp are extracted from it. The upper size limit was chosen to
allow separation of bound fragments from unbound fragments
in the gel mobility shift assay selections. NN fragments are then
end filled with the Klenow fragment of DNA polymerase I and
ligated to blunt catch linkers (32). Overdigestion of the prod-
uct of the ligation with XhoI, which cuts between ligated catch
linkers, creates a population of fragments which have a single
linker on either end, facilitating PCR amplification. As was
described in Materials and Methods, PCR was performed with
radiolabeled catch linkers. Binding reactions for gel mobility
shift selections consisted of modified and radiolabeled NN
fragments being incubated with in vitro-transcribed and -trans-
lated RXR-RAR. As is diagrammed in Fig. 2, parallel reac-
tions with a known RARE are run alongside the NN fragment
binding reaction as a marker for the bound fraction of frag-
ments. A section of dried gel corresponding to the final posi-
tion of the migration of bound NN fragments is cut out, and
the DNA is eluted. Multiple rounds of amplification by PCR
(with end-labeled catch oligonucleotide) and gel mobility shift
selection are then performed to enrich the reaction mixture for
NN fragments containing RAREs. By CpG-SAAB, a popula-
tion of 120 RXR-RAR-selected NN fragments obtained from
F9 EC cell nuclei was cloned into pKS for further analysis.
Physical analysis of RXR-RAR-selected NN fragments. The

RXR-RAR-selected NN fragments obtained from F9 EC cell
nuclei were sequenced and scanned for the presence of con-
sensus RAREs and RXREs. As was discussed above, RARs
and RXRs are members of a subfamily of the nuclear receptor
superfamily that recognize direct, inverted, or everted repeats
of the core consensus hexamer [(A/G)G(T/G)TCA] present in
the regulatory regions of responsive genes. In general, ele-
ments containing direct repeats spaced by 1 nucleotide (DR1)
function as RXREs, while DR2 and DR5 elements function as
RAREs. We first performed a comparison of NN fragments
that had not been subjected to gel mobility shift selection and
NN fragments that had been subjected to selection. The results
of this comparison are outlined in Table 1. No RARE and
RXRE consensus motifs of any class were present in the 30
preselection NN fragments sequenced. Among the selected
NN fragment RA response elements identified were five DR1s,
one DR2, seven DR5s, and 13 complex elements containing
combinations of direct and everted repeats. Of the 120 selected
NN fragments sequenced, approximately one in five harbored
a consensus RA response element. Since some of the NN-RA
response element-containing fragments were isolated more
than once, in total, 12 unique RA response elements were
identified. The average sizes of the genomic fragments were 91
and 98 bp for pre- and postselection NN fragments, respec-
tively. Non-CpG island bulk DNA has a G1C content of ap-

proximately 40% (3). As CpG islands typically have a base
composition in excess of 50% G1C (17), averages of 61% for
the preselection NN fragments and 59.5% for the selected NN
fragments indicate that the majority of the fragments are prob-
ably derived from CpG island regions of the genome.
To ascertain whether, in general, the RA response element-

containing NN fragments were derived from single-copy DNA,
four of them were used to probe Southern blots of total mouse
genomic DNA digested with various restriction enzymes.
Three of these yielded the banding pattern expected of a sin-

FIG. 2. CpG-SAAB for the selection of CpG-rich genomic fragments con-
taining RAREs. Nuclei are purified from cells or tissue samples of interest. The
CpG-island-rich NN fragments are released by restriction enzyme digests and gel
isolated. Solid fragments represent those NN fragments containing an RARE or
RXRE. Catch linkers are ligated to the collection of NN fragments, and excess
linkers are removed by an XhoI digest. NN fragments are then selected in a gel
mobility shift assay with RAR-RXR complexes produced by an in vitro tran-
scription-translation system. The probes represented in the schematic of the gel
mobility shift assay are bRARE as a control in lane 1 and NN fragments in lane
2. NN fragments bound to the heterodimer are eluted from the gel (the cutout
gel slice is represented by the white rectangle) and enzymatically amplified with
the catch linker oligonucleotides being used as primers. After several rounds of
selection, DNA fragments are cloned into pKS and sequenced to search for the
presence of a consensus RARE or RXRE. Putative RARE-RXRE-containing
fragments are assessed for specific binding to RXR-RAR complexes and the
ability to drive reporter gene expression in transient transfection assays. Frag-
ments showing a positive response in these assays are then used as probes to
isolate associated genes.
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gle-copy probe, while one resulted in multiple bands of equal
intensities (three to four bands per digest) (data not shown).
These results suggest that the NN fragments examined are
derived from repeat-free genomic DNA, an observation that
correlates well with previous studies indicating that the fre-
quency of repeated sequences within CpG island regions is
much lower than that expected for total genomic DNA (10,
17).

Functional analysis of RXR-RAR-selected NN fragments.
Although the consensus sequences for RAREs and RXREs
have been well established, it is important to ascertain whether
the RA response elements associated with the NN fragments
fulfill certain functional requirements, namely, the abilities to
specifically bind RXR-RAR complexes and to confer RA re-
sponsiveness to a heterologous minimal promoter in a tran-
sient transfection system. The RARE-containing portions of
the NN fragments are outlined in Table 2, along with the class
of the binding site. A 140-bp MspI-HinPI genomic fragment
located within a putative CpG island and containing the
RARE from the promoter of the RARb2 gene served in the
functional assays as a control (see Materials and Methods).
The relative binding affinities of the fragments are shown in
Table 2. All of the NN fragments except for NN7-29, which
contains a DR1 with one half-site of the suboptimal consensus
sequence, bind RXR-RAR complexes at least as well as the
genomic fragment containing the bRARE. NN fragments con-
taining complex elements tend to bind with higher affinity to
the retinoid receptors. Each of these fragments contains a
perfect consensus direct repeat RARE or RXRE plus addi-

TABLE 1. Characteristics of pre- and postselection NN fragments

Status of
fragment

No. of
fragments Sizea

GC
content
(%)

No. of fragments in the
following class of RA response

elementb:

DR1 DR2 DR5 Complex

Preselection 30 91 61 0 0 0 0
Postselection 120 98 59.5 5 1 7 13

a Average sizes of the NN fragments in base pairs.
b DR1, DR2, and DR5 indicate NN fragments containing a single direct repeat

of the core half-site motif spaced by 1, 2, or 5 nucleotides; complex refers to NN
fragments containing at least one DR element plus one or more additional core
half-site motifs arranged in various configurations.

TABLE 2. Functional analysis of NN RA response elements

a Only the sequence of the RA response element(s) identified within each NN fragment is displayed.
b DR and ER denote pairs of core half-sites arranged as direct or everted repeats spaced by the indicated number of nucleotides; HS denotes individual core half-sites.
c Differential binding of RXR-RAR heterodimers to NN fragments in gel mobility shift assays is arbitrarily indicated as weaker than (1), the same as (11), or

stronger than (111) that to NN-bRARE.
d Fold induction denotes the RA inducibility of the RARE-containing NN fragments linked to the TK promoter.
e Total activity refers to the RA-induced luciferase activity generated by the NN fragments normalized against the basal activity of control TKLUC. The activity of

the NN-bRARE-TKLUC construct was arbitrarily set at 100.
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tional half-sites in various configurations which presumably
cooperate to increase binding affinity.
A single copy of each NN fragment was cloned upstream

of the TK promoter driving the luciferase reporter gene
(TKLUC). Transient transfections were performed in P19
EC cells which were treated with 1 mM RA 16 h after
transfection and harvested 24 h after treatment. Results seen
with transient transfections of the constructs into F9 EC cells
were qualitatively similar. Two values for each NN-RARE
were calculated from this study (Table 2). Fold induction in-
dicates the level of RA inducibility conferred to the TK pro-
moter by each NN fragment. The total activity of the NN
fragment is the luciferase activity detected upon RA treatment
normalized against the basal activity of the control, TKLUC.
The total activity of NN-bRARE-TKLUC was arbitrarily set at
100, and activities of the other reporters are relative to this
control. Both values are calculated, because in some cases the
basal activity of the fragment plus the TK promoter without
RA treatment is much greater than that of TK alone. For
example, although the fold induction (RA treatment versus no
treatment) of NN8-4TKLUC is 5 while that of NN-bRARE-
TKLUC is 59, the total RA-induced luciferase activities of the
reporters are relatively similar (75 U for NN8-4TKLUC and
100 U for NN-bRARE-TKLUC). The higher basal activities of
some of the NN fragments suggest the presence of additional
binding sites for other transcription factors that could contrib-
ute to enhancer activity.
As an additional control, these functional assays were per-

formed on a number of selected NN fragments with no recog-
nizable consensus RA response elements (data not shown). In
each case, these fragments did not bind specifically or at all to
RRL programmed with RXR-RAR and conferred no RA-
induced activation on TKLUC. Generally, the affinity of bind-
ing correlates well with the ability to confer RA induction upon
a heterologous promoter, with a few notable exceptions. For
example, fold induction values for DR1-containing fragments
NN7-29, NN8-4, NN8-39, and NN8-49 are low. Such a result is
not unexpected, considering that although heterodimer RXR-
RAR binds with high affinity to a DR1 configuration, repres-
sion is thought to be the result (37). As was mentioned above,
NN8-4 (and, to a lesser extent, NN7-29) is unusual in that the
fragment confers a high level of total activity upon TKLUC.
However, the fold induction value is low, because the basal
level of transcription is greatly increased. Finally, a single copy
of a DR2 element, such as that observed in NN8-66, generally
confers activity more readily in transient transfections with the
addition of exogenous receptor or if present in multiple copies
(unpublished data).
Identification of a gene associated with the RARE of NN8-4.

Following the successful isolation of novel RARE-containing
genomic fragments by CpG-SAAB, we wished to identify tran-
scription units associated with these genomic NN fragments.
There exist a number of methods to identify transcribed se-
quences within a genomic region, including identification of
conserved sequences by the screening of Northern blots and
zoo blots, cDNA selection, exon trapping, and finally direct
DNA sequencing and use of available software and DNA da-
tabase searches, called software trapping (for a review, see
reference 24). The last approach is becoming increasingly pow-
erful as more efficient computer programs and search algo-
rithms are developed and as databases, particularly those of
ESTs, are expanded. The NN fragments were first analyzed
with BLAST to search the data banks of the National Center
for Biotechnology Information (2). NN fragment 8-4 was
found to share a 42-bp-long stretch of homology with
EST41159 (GenBank accession number R56376), an EST de-

rived from a human infant brain library (7) (Fig. 3A). ESTs
consist of partial sequences from randomly cloned novel
cDNAs (13). The library was constructed so that cDNAs were
cloned directionally into the vector, thus allowing identification
of 59 and 39 ends. As shown in Fig. 3A, alignment of EST41159
with NN8-4 places the RXRE approximately 40 bp upstream
of the 59 end of cDNA EST41159. In addition, there are only
four mismatches in the 42-bp overlap of the mouse genomic
NN fragment and the human cDNA, suggesting a high level of
conservation within this sequence. EST41159 cDNA was ob-
tained from the IMAGE Consortium and was sequenced in its
entirety (Fig. 3B). The cDNA is 2,520 nucleotides in length and
includes a poly(A) tail and a consensus polyadenylation site.
An open reading frame with a size of 412 amino acids com-
mences at the extreme 59 of the cDNA, suggesting that this
cDNA is not full length.
Characterization of murine gene NN8-4AG encoding the

homolog of human cDNA EST41159. To firmly establish the
relationship between the murine NN8-4 genomic fragment and
human EST41159 as well as to characterize the transcriptional
unit associated with NN8-4 (referred to as NN8-4 associated
gene, or NN8-4AG), a murine l129 genomic library was
screened with the NN8-4 fragment being used as a probe.
Figure 4A shows a schematic of the NN8-4 fragment used as a
probe to isolate l genomic clone 8-4-5. The G1C content
(67%) of NN8-4 suggested that it was derived from a CpG
island. Sequence analysis of approximately 1 kb of DNA sur-
rounding the RXRE of the NN8-4 fragment (Fig. 4B) revealed
that the surrounding genomic sequence contains a putative
CpG island that spans approximately 600 bp, as is demon-
strated by the vertical bars representing CpG dinucleotides in
Fig. 4A. The NN8-4AG CpG island sequence extends farther
59 of the EST41159 sequence and contains two in-frame ATG
codons (Fig. 4B). The homology of NN8-4AG and EST41159
continues downstream of the NN8-4 fragment border for an
additional 12 amino acids before NN8-4AG diverges into an
intronic sequence. A further nine exons of NN8-4AG were
mapped onto lNN8-4-5 with the aid of the EST41159 probe
(Fig. 4A) and were subsequently sequenced for comparison
with human cDNA. Comparison of the amino acid sequence of
the putative gene product coded for by the first ten exons of
NN8-4AG with that of the EST41159 translation product re-
veals a level of amino acid identity of 86% (92% similarity) for
the human and mouse clones (Fig. 4C). RACE was performed
on mouse brain RNA with primers located in putative exons 1,
2, and 3 of the NN8-4AG transcript. A series of start sites was
identified in the region of the RXRE, and the longest of these
localized on the first G of the first half-site, 33 bp upstream of
the 59-most methionine start codon. No TATA box is evident
upstream of these start sites, consistent with the presence of
multiple transcriptional initiation sites (23). A perfect consen-
sus CCAAT box is located 110 bp upstream of the cluster of
start sites identified by RACE analysis. In addition, two GC
boxes, or potential Sp1 binding sites, are located 12 and 56 bp
upstream of the cluster of transcriptional start sites. These
results place the NN8-4 RXRE within a CpG island in the
vicinity of the multiple transcriptional start sites of NN8-4AG.
NN8-4 RXRE is bound by RAR-RXR heterodimers and

RXR homodimers. As can be seen from Table 2, NN fragment
8-4 binds specifically to in vitro-transcribed and -translated
RXR-RAR and confers RA-induced activation on TKLUC in
transient transfection in P19 EC cells. It is highly likely that the
consensus DR1 present within NN8-4 is responsible for this
activity. To verify this notion, an oligonucleotide encoding this
sequence was synthesized (NN8-4 RXRE), end labeled, and
analyzed in gel mobility shift assays with in vitro-transcribed
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and -translated receptors. The NN8-4 RXRE–RXR-RAR
complex is effectively inhibited by competition with excess un-
labeled NN8-4 RXRE, bRARE (a DR5), and CRBPII RXRE
(a DR1) (Fig. 5). A similar amount of unlabeled nonspecific
competitor does not interfere with binding. When RXR alone
is combined with labeled NN8-4 RXRE, a shifted band is
visible, albeit with much less intensity than that of the band
seen with both RXR and RAR. With the addition of ligand

9cRA, the amount of probe bound by RXR is increased to a
level greater than that seen with the RXR-RAR heterodimer.
This enhancement of RXR homodimer binding to a DR1 has
been documented previously (38, 58). The RXRE coded for in
NN8-4 interacts with receptors in a manner similar to that of
previously characterized RXREs binding both the RXR-RAR
heterodimer and RXR homodimer-9cRA with high affinity
(37, 58).

FIG. 3. Homology of NN8-4 and human EST41159 as revealed by a BLAST search. (A) Alignment of the sequences of the NN8-4 fragment and EST41159. The
RXRE in NN8-4 is underlined. (B) Nucleotide and predicted amino acid sequence of EST41159. The polyadenylation signal is underlined, and the termination codon
is marked with an asterisk.
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The NN8-4AG transcript is directly upregulated by 9cRA in
F9 cells. Our functional analyses suggest that the RXRE as-
sociated with NN8-4AG may be biologically relevant. As the
human cDNA and murine NN8-4AG sequences obtained from
genomic clones were highly conserved, we used EST41159 to
probe RNA derived from F9 EC cells at various stages of RA
treatment. A transcript with a size of approximately 2.75 kb
was present at low basal levels and was upregulated in the
presence of RA (Fig. 6). Addition of either atRA or 9cRA
results in a four- to fivefold increase in the expression of
NN8-4AG after 24 h of treatment (Fig. 6, lanes 4 and 8).
Although the basal level of NN8-4AG mRNA varied by about
twofold in F9 EC cells under these culture conditions, it is

evident that upregulation occurred more quickly in the pres-
ence of atRA (Fig. 6, lane 2). However, it is likely that this
atRA-induced gene expression is not a primary effect, as pre-
treatment with protein synthesis inhibitor Cx negates the in-
crease in expression seen at 12 h of treatment with the retinoid
(Fig. 6, lane 11). No additional protein synthesis is necessary
for the upregulation upon 9cRA treatment, as 12 h levels with
Cx and 9cRA are similar to those with 9cRA alone (Fig. 6, lane
10). Although NN8-4AG is responsive to both atRA and
9cRA, it appears that activation with these ligands occurs via
two different pathways. The Northern blot was stripped and
probed with genes known to be directly regulated by RA,
RARb, and CRABPII (Fig. 6). As has been demonstrated

FIG. 4. Characterization of the murine NN8-4-associated gene (NN8-4AG) and its putative CpG island. (A) Schematic representation of the genomic region
flanking NN8-4. NN fragment 8-4, used as a probe to isolate genomic clone lNN8-4-5, is shown at top. The shaded box indicates the position of the RXRE. On the
lNN8-4-5 schematic, exons are indicated with solid boxes. Below the lNN8-4-5 schematic is a representation of the 1 kb surrounding NN8-4, with the RXRE and exon
1 being indicated as shaded and striped boxes, respectively, and CpG dinucleotides being represented by vertical bars. (B) Nucleotide sequence of the CpG island
associated with NN8-4AG. The amino acid sequence of the first exon is indicated below the DNA sequence. The nucleotide corresponding to the farthest 59
transcriptional start site as determined by RACE analysis is indicated by a star above the sequence. The RXRE and the CCAAT and GC boxes are underlined. (C)
Comparison of the putative amino acid sequence of the first 10 exons of the murine NN8-4AG gene product and the EST41159 protein sequence. Identical amino acids
are indicated by a vertical line, and similar amino acids are shown with two dots.
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previously, RARb is upregulated in response to both atRA and
9cRA (19, 21). 9cRA activates expression of CRABPII more
effectively than atRA (21, 44). Although expression levels of
both mRNAs at 12 h with retinoid and Cx treatment indicate
that upregulation occurs with no additional protein synthesis,
RARb is superinduced by a combination of 9cRA plus Cx
while CRABPII is superinduced only in the presence of atRA
and Cx. This observation provides further evidence that the
expression of these two genes is controlled by distinct retinoid
signaling pathways.
Evolutionary conservation of EST41159 protein. The puta-

tive gene product of the human homolog of NN8-4AG,
EST41159, was analyzed with the BLASTX program and the
databases of the National Center for Biotechnology Informa-
tion (2). The predicted protein sequence of EST41159 showed
significant similarity with that of a yeast (Saccharomyces cer-
evisiae) putative polypeptide of, as yet, unknown function (ac-
cession number P38890). The similarity corresponds to amino
acids 308 to 381 in the human gene product and 333 to 403 in
the yeast protein, with a P value of 8.95 3 1027 (Fig. 7). This
region also has a high degree of identity with the C-terminal
region of the Drosophila trithorax protein (39), a member of a
group of proteins which are thought to participate in chroma-
tin remodeling (41).

DISCUSSION

To be physiologically relevant, the search for transcription
factor binding sites should concentrate not only on DNA frag-

ments located in the regulatory region of genes but also on
transcription units actively transcribed in the tissue or cells of
interest. The previous demonstration that active chromatin
located within CpG islands can be separated from bulk inactive
chromatin and that a specific fraction of nucleosome-free
DNA associated with these islands contains the promoter re-
gion of transcribed genes (50) provides an elegant way to
identify pertinent genomic fragments. These small DNA frag-
ments (NN fragments) represent a highly purified fraction of
the genome and can, in theory, be selected further for their
ability to bind to transcription factor complexes. On the basis
of these premises, we have developed a method for the isola-
tion of RXR-RAR binding sites from CpG island DNA, iso-
lated 12 RA response elements, and characterized in detail a
novel RA-responsive gene associated with one of them.
The advantages of the CpG-SAAB method are numerous

for exploring the molecular mechanisms of retinoid receptors
and other transcription factors. First, in contrast to such sub-
traction screening strategies as differential display PCR, only
genes directly regulated by the receptors are cloned. Second,
because NN fragments are derived from active chromatin,
genes primed to respond to retinoids in the appropriate tissue
or cell line will be preferentially identified. Third, the promoter
and/or the regulatory region of these genes is likely to be
identified first, thus providing molecular tools in the form of
natural promoters and enhancers to study the action of retin-
oid receptors. Fourth, since this strategy targets the promoters
of genes, the 59 ends of the associated transcripts, which are
regions of cDNA that are often difficult to isolate, are in many
cases likely to be cloned first. Finally, CpG-SAAB can be
applied to any combination of transcription factor and cell line
or tissue of interest. A specific set of responsive genes is ex-
pected to be identified for each combination of transcription
factor and starting chromatin.
Although not all genes are associated with CpG islands, all

housekeeping and a significant fraction (40%) of tissue-specific
genes are (3). Since CpG island DNA composes approximately
2% of the genome, the bulk of genomic DNA is excluded from
the selection. In the case of the retinoid receptors, at least, it

FIG. 6. Northern analysis of NN8-4AGmRNA. EST41159 was used to probe
total RNA derived from F9 EC cells which had been grown in Dulbecco modified
Eagle medium supplemented with charcoal-stripped and UV-treated serum.
RNA was isolated at the indicated times (in hours, indicated above the gels) after
RA treatment. Retinoids were added to a concentration of 1 mM. Cx was added
to a final concentration of 10 mg/ml 1 h prior to RA treatment. For time 0
samples, Cx was added 1 h before the cells were harvested. RARb and
CRABPII, genes known to be induced by RA, were used as controls. An oligo-
nucleotide hybridizing to the 18S rRNA was used to normalize for RNA loading.

FIG. 5. Binding of RXR-RAR heterodimers and RXR homodimers to the
NN8-4 RXRE. End-labeled NN8-4RXRE was incubated with RRL (total, 4 ml)
programmed with human RARa1 and/or murine RXRb mRNA. The probe was
also incubated with the same amount of unprogrammed lysate as the control
(lane 1). Cold competitors were used at a molar excess of 150-fold. 9cRA was
added to the binding reaction mixture to a final concentration of 1 mM. The
arrowhead indicates the specific complexes, while the asterisk indicates a non-
specific (NS) complex.
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may be prudent to avoid the use of naked DNA as starting
material for binding site selection, as members of a major Alu
repeat subfamily and major (gamma) satellite DNA repeats
contain RAREs (45, 54). Although some of these repeats may
play a role in regulating the expression of nearby genes, these
elements may also interfere with the isolation of other relevant
binding sites because of their number and affinity for the re-
ceptors. According to preliminary analysis of a number of the
RARE-containing NN fragments by genomic Southern blot-
ting, these fragments are derived from single-copy genomic
DNA, a situation previously documented for the CpG island
fraction of the genome (17). In addition, molecular and genetic
analyses of retinoid action have shown that RXR-RAR com-
plexes appear to play a pleiotropic role in the control of em-
bryonic development and in homeostasis in the adult animal
(46). Retinoid receptors are therefore likely to be involved in
the general maintenance of the cellular machinery and, by
inference, could regulate a large number of housekeeping
genes.
We chose to use murine EC cell lines as starting material for

CpG-SAAB. F9 EC cells differentiate into blastocyst-like
endoderm cells upon RA treatment and provide a model sys-
tem in which the genetic cascade following retinoid treatment
mimics early development. CpG-SAAB enabled us to isolate a
population of DNA fragments containing a variety of RAREs
and RXREs. The sequencing of 120 clones resulted in the
discovery of 26 that contained functional RAREs and RXREs.
Fragments that did not contain any obvious consensus RA
response elements were likely selected by proteins present in
the RRL, and in practice, their number could be reduced by
introducing an additional purification step, such as immuno-
precipitation with specific receptor antibodies.
The majority of the selected NN fragments containing the

response elements bind the RXR-RAR heterodimer with an
affinity comparable to that of the fragment containing the
potent bRARE. Analysis of these fragments shows that com-
plex elements are relatively common but also provides further
evidence that the most potent RAREs are of the DR5 type
(Table 2). Surprisingly, low total transcriptional activity was
generated when NN8-3, a fragment containing a consensus
DR5 with half-sites of sequence (GGGTCA and AGGTCA),
was tested in the presence of RA. On the other hand, NN7-91,
which contains a DR5 with the same half-site sequences but in
the opposite order, confers a high level of RA-induced tran-
scriptional activity on TKLUC. A number of factors could be
responsible for this difference in activities. The composition of
the half-sites, spacer, and nucleotides 59 of the upstream half-
site may be critical in the determination of transcriptional
activity imparted by the receptors. For example, several of the
nuclear receptors which bind as monomers have been shown to
require an A-T-rich region extending 59 from the core half-site
(27, 30, 57). If a monomeric receptor binding site is embodied
within a RARE, monomeric nuclear receptors may interfere
with the binding of RXR-RAR heterodimer complexes (51).
Finally, the context of the RARE within the genomic fragment
itself may be critical, as the sequences flanking the RAREs

may contain binding sites for additional transcription factors
which may modulate receptor activity (40). The cell-type-spe-
cific activity of the NN-RAREs may be imparted by the pres-
ence or absence of these factors within a particular cell type.
The identification of a large collection of natural RAREs and
RXREs by CpG-SAAB and their in-depth characterization
will allow us to test these parameters in a systematic manner.
NN fragments containing functionally competent RAREs

identified by CpG-SAAB can subsequently be used to isolate
large flanking genomic DNA fragments containing the associ-
ated CpG island. Cross et al. (17) have demonstrated that
cloned CpG islands can be used to detect transcripts of ex-
pressed genes at a relatively high frequency. We indeed ob-
served that a genomic fragment containing NN7-91 detects
both a conserved locus in several species by zoo blot analysis
and a transcript in F9 EC cell RNA (data not shown). In
addition to these traditional methods of searching for tran-
scripts, we are also focusing on sequence and database analysis.
Particularly useful to this type of project are the EST data-
bases. By software trapping, we have been able to quickly
identify a transcript associated with one of the retinoid recep-
tor-selected NN fragments (NN8-4). While the proximity of
the RXRE contained in NN8-4 to the transcriptional start site
of the associated gene (NN8-4AG) allowed for the identifica-
tion of this transcribed sequence, sequencing of genomic DNA
flanking the remaining selected NN fragments (1 to 2 kb in
each direction) would greatly increase the probability of find-
ing a match.
We have shown that the NN8-4AG transcript is differentially

upregulated by atRA and 9cRA (Fig. 6). Treatment of F9 EC
cells with either atRA or 9cRA leads to an induction of the
expression of the NN8-4AG gene, but activation by atRA
seems to require the synthesis of an additional factor(s). We
have demonstrated that the NN8-4 fragment contains a DR1
RXRE that is recognized with high affinity by RXR-RAR
heterodimers and by RXR homodimers in the presence of
9cRA and is able to confer RA responsiveness to the TK
promoter (Fig. 5 and Table 2). It can therefore be assumed
that the 9cRA response is mediated via the DR1 RXRE, either
through RXR homodimers (58), RXR-RAR heterodimers, or
a heterodimer complex in which RXR acts as a 9cRA-respon-
sive partner to another member of the nuclear receptor family
(for examples, see references 33, 42, and 56). Since 9cRA can
also bind RAR, it is possible that ligand occupation by both of
the receptors is required for the 9cRA response. Conflicting
results concerning the ability of RXR to bind ligands in the
context of an RXR-RAR heterodimer have been obtained in
studies with receptor-specific ligands (6, 22, 34, 44). Further
study will be required to address the nature of the dimer
mediating the 9cRA response of NN8-4AG. It is not yet known
whether the protein synthesis-dependent response to atRA
also involves the DR1 element.
In spite of sequence analysis and database searches, the

function of the novel gene product coded for by EST41159 and
NN8-4AG is unknown. This result is not unexpected, as up to
50% of ESTs from the human brain are unique and do not

FIG. 7. Conservation of the predicted amino acid sequence of human EST41159 relative to the sequences of a yeast putative protein and the Drosophila trithorax
gene product. Amino acids that are identical are indicated by a vertical lines, while conservative changes are designated by plus signs. The GenBank accession numbers
for the putative yeast and trithorax proteins are P38890 and Z31725, respectively.
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show significant similarity to proteins with known biological
functions (1). However, the observed similarity for the C-ter-
minal domain of EST41159, a putative yeast protein, and the
Drosophila trithorax gene product does delineate an evolution-
arily conserved domain. This region of the trithorax gene prod-
uct has been previously shown to share similarity with a num-
ber of proteins, some that are known to be associated with
chromatin and others with unknown functions (47). The region
of similarity we have delineated is not as extensive as that
previously defined, however; like those of the other homolo-
gous proteins, the motif lies at or near the C terminus of
otherwise nonhomologous proteins. The yeast putative protein
(P38890) mentioned in this study and EST41159 share regions
of homology throughout their entire sequences, suggesting
they are more closely related to one another.
The CpG-SAAB method described here allowed us to iso-

late a subset of retinoid receptor binding sites and identify a
novel RA-responsive gene with an as-yet-unknown function. It
is hoped that the characterization of a large number of genes
associated with these elements will help chart the genetic path-
ways implicated in the early response of EC cells to RA and
improve our understanding of the mechanisms regulating cel-
lular differentiation induced by hormonal stimuli.
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P. Dollé, and P. Chambon. 1995. Efficient cloning of cDNAs of retinoic
acid-responsive genes in P19 embryonal carcinoma cells and characterization
of a novel mouse gene, Stra1 (mouse LERK-2/Eplg2). Dev. Biol. 170:420–
433.

15. Boyes, J., and A. Bird. 1991. DNA methylation inhibits transcription indi-

rectly via a methyl-CpG binding protein. Cell 64:1123–1134.
16. Chambon, P. 1994. The retinoid signaling pathway: molecular and genetics

analyses. Semin. Cell Biol. 5:115–125.
17. Cross, S. H., J. A. Charlton, X. Nan, and A. P. Bird. 1994. Purification of

CpG islands using a methylated DNA binding column. Nat. Genet. 6:236–
244.
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