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All-trans retinoic acid (RA) induces transforming growth factor beta (TGF-p)-dependent autocrine growth
of mouse embryonic fibroblasts (MEFs). We have used chromatin immunoprecipitation to map 354 RA
receptor (RAR) binding loci in MEF's, most of which were similarly occupied by the RAR« and RARYy receptors.
Only a subset of the genes associated with these loci are regulated by RA, among which are several critical
components of the TGF-3 pathway. We also show RAR binding to a novel series of target genes involved in cell
cycle regulation, transformation, and metastasis, suggesting new pathways by which RA may regulate prolif-
eration and cancer. Few of the RAR binding loci contained consensus direct-repeat (DR)-type elements. The
majority comprised either degenerate DRs or no identifiable DRs but anomalously spaced half sites. Further-
more, we identify 462 RAR target loci in embryonic stem (ES) cells and show that their occupancy is cell type
specific. Our results also show that differences in the chromatin landscape regulate the accessibility of a subset
of more than 700 identified loci to RARs, thus modulating the repertoire of target genes that can be regulated

and the biological effects of RA.

Retinoic acid (RA), the naturally active vitamin A metabo-
lite, exerts a wide range of effects on vertebrate development
and adult tissue homeostasis by regulating cell proliferation,
differentiation, and apoptosis (8, 34, 42). RA activates three
members of the nuclear receptor (NR) superfamily, RARaq,
RARR, and RARY, that function as ligand-dependent tran-
scriptional regulators by binding, usually as heterodimers with
rexinoid receptors (RXRs «, B, and v) to RA response ele-
ments (RARESs) located in target genes (16, 17). Many RARESs
are formed by a direct repeat (DR) of the consensus sequence
5’-RGKTCA-3’ separated by 1, 2, or 5 nucleotides (for a re-
view, see references 3, 4, and 6), and a large number of DR2-
type elements are present within Alu repeats (27, 58).

RARs and RXRs exhibit the conserved structure of NRs,
with N-terminal activation function 1 (AF-1), a central DNA
binding domain, and a C-terminal ligand binding domain
(LBD) that harbors ligand-dependent AF-2 (38, 40; for a re-
view, see references 2, 41, and 51). The ability of RARs to
modulate the expression of target genes results from a complex
and dynamic interaction with coactivator/corepressor com-
plexes (54). A general model proposes that unliganded RARs
occupy regulatory elements at their target genes and repress
their expression. Ligand binding leads to a conformational
change in LBD structure, releasing the corepressor complexes

* Corresponding author. Mailing address: Institut de Génétique et
de Biologie Moléculaire et Cellulaire, CNRS/INSERM/UDS, 1 Rue
Laurent Fries, 67404 Illkirch Cédex, France. Phone: 33 3 88 65 34 40
(45). Fax: 33 3 88 65 32 01. E-mail: irwin@titus.u-strasbg.fr.

+ Supplemental material for this article may be found at http://mcb
.asm.org/.

¥ Published ahead of print on 2 November 2009.

231

and allowing recruitment of coactivator complexes with his-
tone acetyl- and methyltransferase activities and activation of
target genes. A third scenario is ligand-dependent repression
involving the recruitment of proteins such as NRIP1 (RIP140),
PRAME, or TRIM24 (TIF1a) that interact with the liganded
receptors to repress the transcription of target genes (11, 14,
30). An additional level of control contributing to cell speci-
ficity could occur at the DNA binding step, as RAR/RXR
heterodimers may bind to distinct sets of regulatory elements
in different cell types. This may be regulated by cell or tissue
type differences in the epigenetic organization of the chroma-
tin in which the regulatory elements are present (22).

We have previously shown that RA activates the transform-
ing growth factor beta (TGF-B) signaling pathway to induce
morphological changes and serum-independent autocrine
growth of Taf4'*’~ mouse embryonic fibroblasts (MEFs) (15).
Transcriptome analysis showed that around 1,000 genes are
activated or repressed by RA in these cells. Among the acti-
vated genes are TGF-B ligands and connective tissue growth
factor, which is rapidly induced by RA to induce autocrine
growth (15, 28). While this study identified the genes and
pathways that are activated by RA, we could not discriminate
between the direct and indirect targets of the RARs.

To identify RA-regulated genes directly, we used chromatin
immunoprecipitation (ChIP) coupled with array hybridization
(ChIP-chip) to identify 354 target loci bound by the RARSs in
MEFs, only a subset of which are induced or repressed by RA.
Furthermore, we also mapped 462 RAR binding loci in undif-
ferentiated embryonic stem (ES) cells and show that RAR
occupancy of target loci is cell type specific, as only a minority
of the MEF loci were occupied in ES cells. We propose that
cell-specific occupancy of target promoters by RARs is an
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important mechanism contributing to the distinct effects of RA
seen in different cell types.

MATERIALS AND METHODS

Generation and culture of tagged RAR-expressing cells. Taf4/*~ MEFs, as
previously described (35), were infected with pBABE retroviruses encoding
RARa or RARYy with a hemagglutinin (HA)-3XFlag tag at the C terminus, and
populations of cells stably expressing the tagged RARs were selected with pu-
romycin. Cells were grown at 5% CO, in Dulbecco’s minimal essential medium
supplemented with GlutaMAX and 10% fetal calf serum. For the generation of
ES cells expressing tagged RAR, recombination targeting vectors containing
HA-3XFlag or SBP (streptavidin binding peptide)-3XFlag (for RARa and
RARY, respectively), followed by a neomycin resistance cassette flanked by FRT
sites, were constructed. Four-kilobase homology arms corresponding to the re-
gions immediately upstream and downstream of the stop codon were cloned on
either side of these elements. The construct was electroporated into SV/129 ES
cells, and the neomycin-resistant clones were screened for homologous recom-
bination by PCR and for expression of the recombinant proteins by Western
blotting using the previously described anti-RARa and -RAR'wy antibodies (5).
All cells were treated with 1 wM RA for the indicated times.

ChIP, ChIP-chip, and ChIP-seq. ChIP experiments were performed according
to standard protocols (data not shown). All ChIP was performed in triplicate and
analyzed by triplicate quantitative PCR (qPCR). For ChIP-chip, the total input
chromatin and ChIPed material were hybridized to the extended promoter array
from Agilent covering the kb —5 to +2 regions of around 17,000 cellular pro-
moters. Data were analyzed with ChIP Analytics from Agilent (see the supple-
mental material). ChIP-seq was performed using an Illumina GAII sequencer,
and the raw data were analyzed by the Illumina Eland pipeline. Peak detection
was performed using the MACS software (63), and the peaks were annotated
using GPAT (26; data not shown). The antibodies used were against HA
(12CAS), pan-RAR (Sc-773), pan-RXR(Sc-774), H3K4me3 (04-745; Upstate),
H3K9me3 (07-442; Upstate), H3K27me3 (07-449; Upstate), H3K9Ac (07-352;
Upstate), and RNA polymerase II (Pol II; Sc-9001). Flag ChIP was performed
with anti-Flag M2 affinity gel (A2220; Sigma). Real-time PCRs were performed
on a Roche LightCycler using Roche SYBR green mix. The sequences of the
primers used are available on request.

Electrophoretic mobility shift assays (EMSAs). EMSAs were performed es-
sentially as previously described (15). After electrophoresis, the gels were dried
and exposed to autoradiographic film or a PhosphorImager plate.

RESULTS

Identification of RAR target genes in MEFs. To identify
RAR target genes in Taf4'*’~ MEFs, we used retroviral vec-
tors to generate cell lines that stably express RARa and RARYy
carrying a 3XFlag-HA tandem affinity purification (TAP) tag
at the C terminus. The presence of the TAP tag does not affect
RAR function in transient expression assays or activation of
RAR target genes in the MEFs (data not shown). Western
blotting on extracts of the infected cells showed that the exog-
enous TAP-tagged RARs made up only around 10 to 20% of
the total RARa or RARYy (Fig. 1A). Cells expressing exoge-
nous RARs also displayed RA-induced morphological changes
and serum-independent growth (Fig. 1B), consistent with the
idea that their presence does not affect the proper RA re-
sponse of the cells. ChIP assay using either Flag or HA anti-
bodies showed that tagged RARs and endogenous RXR were
efficiently recruited to the DR2-type RARE in the cellular RA
binding protein 2 gene (Crabp2) promoter, while no enrich-
ment was seen at the control protamine 1 gene (Prml) pro-
moter (Fig. 1C and data not shown).

We used these cells to perform ChIP-chip experiments with
the Agilent extended promoter array comprising the kb —5
to +2 regions of around 17,000 cellular promoters. Duplicate
tandem Flag ChIP-chip and HA ChIP-chip assays were per-
formed on cells expressing RARvy that had been treated with
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RA for 2 h and compared with a tandem Flag ChIP-chip on
untagged cells as a control. These experiments identified 354
loci bound by RARy after Flag and HA ChIP in tagged cells
but not in control cells (see Table S1 and Fig. SIA in the
supplemental material). For example, occupancy of the char-
acterized DRS element in the Rarb promoter was observed
along with occupancy of several other known targets such as
Crabp2, Bhihb2 (Stral3 [56]), and the ubiquitin-conjugating
enzyme E2C gene (Ube2c) (64) (Fig. 2A; data not shown).
Among the identified loci are previously characterized target
genes known to be RA regulated, but not as direct targets, such
as the ceruloplasmin (Cp), matrix metallopeptidase 2 (Mmp),
cathepsin D (Ctsd), or type 1 alpha collagen (Collal) gene (for
a review, see reference 4). Most of the occupied regions are,
however, in novel target genes such as the topoisomerase II
beta gene (Top2b), which is transcribed convergently to Rarb,
or the interleukin-1 receptor antagonist (Z//rn), pyroglutamyl-
peptidase I (Pgpepl), and tensin like C1 domain-containing
phosphatase (Tencl) gene promoters (Fig. 2A). Analysis of 200
of the most sharply defined RAR binding sites showed that
49% were located upstream of the transcription start site
(TSS), while 42% were located downstream, principally in the
first intron (Fig. 2B).

Gene ontology analysis (http://david.abcc.nciferf.gov/) showed
that the largest class of target genes are involved in transcription
regulation, for example, transcription factors such as Hoxal0
and Hoxdl3 and the RAR coactivators Hmgal (39), Triml6
(12), and Top2b (23). One of the main functions of RARs is
therefore to regulate other transcriptional networks (Fig. 2D).
RARs also bind a significant number of genes involved in
signal transduction, protein modification, and metabolism, as
well as developmental regulatory genes.

Very similar results were observed in ChIP-chip experiments
with cells expressing tagged RARa (Fig. 2A), as the vast ma-
jority of sites were similarly bound by RAR«a and RARYy (Fig.
1A; see Table S1 and Fig. S1A in the supplemental material).
ChIP-qPCR confirmed specific binding of RARa and RARYy
to promoters in the absence of RA (Fig. 3A). RA substantially
increased RARa binding on the Rarb, Pgpepl, Cebpb, and F11
receptor (FI1Ir) promoters, while the strongest increase in
RARY binding was seen at the Wnt10b locus, but little or no
effect was observed on the other sites. RAR and RXR occu-
pancy was also verified using pan-RAR and pan-RXR antibod-
ies against the endogenous proteins in MEFs that do not ex-
press the tagged RARs (Fig. 3B; see also below). Together, the
above results show that most, if not all, of the sites were
occupied in the absence of RA by both RARa and RARYy but
that the influence of RA is promoter specific.

Characterization of RAR binding motifs. To identify the
RAR binding motifs, the 1,200 nucleotides flanking the high-
est-scoring oligonucleotide in each peak were analyzed for the
presence of DRI, -2, and -5 elements that had either a perfect
match to the known consensus [5'-RGKTCA-(n), , s5-RGKTC
A-3'] or a single mismatch (see Table S2 in the supplemental
material). While 149 potential DRs were identified, only 23
were fully consensus sites (Fig. 2C). This was confirmed by a
more restricted analysis of the 300 nucleotides around the top
100 most sharply defined peaks that identified only 7 consensus
elements (see Table S2 in the supplemental material). This
analysis also revealed that 71 of these sites contained at least
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FIG. 1. Expression of tagged RARs in MEFs and ES cells. (A) Schematic representation of RAR with a C-terminal 3XFlag-HA tag and
Western blot assay showing expression of tagged RARs in total extracts from cells expressing tagged RARa or RARYy or control cells (Ta, Ty,
and C, respectively). In the upper panel, tagged RARs were detected with anti-Flag antibody, and in the lower panels, endogenous and tagged
RARs were detected with isotype-specific antibodies and endogenous RXR was detected with a pan-RXR antibody. (B) Phase-contrast microscopy
after 5 days of culture in 10% or 0% serum showing that RA treatment of Taf4"*’~ MEFs expressing tagged RARY leads to serum-independent
growth. (C) ChIP-qPCR on the Crabp2 RARE and the PrmI promoter in cells expressing tagged RARa and control cells treated for 2 h with RA.
The antibodies used are shown below the graph. The value obtained with each antibody and the control cells was assigned a value of 1, and fold
enrichment relative to this value is indicated. GFP, green fluorescent protein.

one consensus half site with a majority containing several
anomalously spaced half sites but no obvious DR1, -2, or -5.
We verified RAR binding to several of the novel DRs by
competition EMSAs in vitro or ChIP-qPCRs using primers
centered on the DR clement. In the EMSAs, the retarded
RAR/RXR complex formed using an oligonucleotide compris-
ing Rarb DRS was efficiently competed by consensus DRS
elements from the Atxn2, F11r, Top2b, and STIP1 homology
and U-box-containing protein 1 (Stubl) genes but not by mu-
tated Rarb or Atxn2 oligonucleotides (Fig. 4A, lanes 1 to 7).
Efficient competition was also seen with DRS elements with a
single mismatch in the 5’ or 3’ half sites from the dehydroge-
nase/reductase (SDR family) member 3 (DArs3), Toll-interleu-
kin-1 receptor domain-containing adaptor protein (7irap),
Rous sarcoma oncogene (Src), RBl-inducible coiled-coil 1
(RbIccl), and procollagen C-endopeptidase enhancer protein
(Pcolce) genes (Fig. 4A, lanes 9, 10, and 12 to 14). In contrast,
little or no competition was observed with the potential
DRS5 element from the fibroblast growth factor 18 (Fgfi8) or
sedoheptulokinase (Shpk) gene (lanes 8 and 11), both of which
contain a single mismatch with respect to the consensus.
These results were confirmed by ChIP-qPCR using RAR

and RXR antibodies, where occupancy of the Rarb, Atxn2,
Dhrs3, Tirap, and F11r loci was observed (Fig. 4F), suggesting
that these elements bind the RAR/RXR both in vitro and in
MEFs. In contrast, although the Fgf18 and Shpk loci are clearly
occupied in MEFs (see Fig. S1A in the supplemental material),
no occupancy was observed using the amplicon centered on the
potential DRs (Fig. 4F). The potential DRs that were identi-
fied do not coincide well with the peak detected by ChIP-chip,
indicating that the RAR binds not to these DRs but rather
another sequence at these loci.

Consensus or single-mismatch DR2 elements from the
homeobox al0 (Hoxal0), periplakin (Ppl), Crabp2, growth
arrest-specific 2 (Gas2), Ctgf, neuropilin 1 (Nrpl), and nudix
(nucleoside diphosphate-linked moiety X)-type motif 6
(Nudt6) genes efficiently competed the formation of the
retarded complex in vitro (see appropriate lanes in Fig. 4B)
and were occupied in MEFs (Fig. 4G and not shown). In
contrast, competition with the DR2 elements from the pro-
tein phosphatase 1-like (PpmlIl) and FCH domain only 2
(Fcho2) genes were much less efficient and no competition
was seen with the cytochrome P450, family 2, subfamily d,
polypeptide 22 (Cyp2d22) element.
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FIG. 2. Identification of RAR binding sites in MEFs. (A) Graphic representation of tandem Flag ChIP-chip results on cells expressing tagged
RARa and RARYy in the UCSC web browser (http:/genome.ucsc.edu/) at the indicated loci. The values on the y axis show the normalized
immunoprecipitate/input ratio. (B) Pie chart representation of the locations of RAR binding sites relative to the TSS. (C) Summary of the presence
of classical DR-type RAR binding motifs at ChIPed loci. The total number of potential sites with one mismatch is shown along with the number
of consensus sites. (D) Summary of gene ontology analysis of target genes. The number of genes in each category is shown along with representative

examples.
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FIG. 3. Binding of RARs to target loci. (A) qPCR on the indicated loci after tandem Flag ChIP on cells expressing tagged RARa or RARYy
in the absence of RA or after 2 h of RA treatment. The value obtained for each amplicon in the control cells was set to 1, and fold enrichment
relative to this value is indicated. Oligonucleotide primers are designed at the center of the ChIP peak at each locus. (B) ChIP-qPCR at the
indicated loci using pan-RAR and pan-RXR antibodies. The value obtained for each amplicon after control ChIP with anti-GFP antibody was set

to 1, and fold enrichment relative to this value is indicated.

For DR1 elements, competition was observed using those of
the chromatin-modifying protein 1A (Chmpla), calcitonin re-
ceptor activity-modifying protein 2 (Ramp2), NR subfamily 1,
group D, member 1 (Nrldl), and death effector domain-con-
taining (Dedd) genes (Fig. 4C and data not shown). Surpris-
ingly, however, no significant competition was observed with
the consensus DR1 motif from the glycerophosphodiester
phosphodiesterase 1 (Gdel) element. We noted that the spacer
nucleotide in this element was C, while it was A in the Ramp?2
and Dedd elements that compete. Exchange of the C in Gde!
for an A resulted in efficient competition (lane 5). Thus, half-
site sequences and spacer nucleotides can play important roles
in the formation of a complex with RAR/RXR. As observed in
vitro, the NrldI locus, but not Gdel, was occupied in cells (Fig.
4G). Similar to FgfI8, this indicates that binding to the Gdel
locus must be mediated by another element.

The above results indicate that many single mismatches
do not abrogate RAR/RXR binding even when located at
highly conserved positions such as the G in position 2 or
5'-TCA-3'. In contrast, in other elements, the equivalent
mutations lead to a loss of binding. For example, in Cyp2d22
and Rblccl, 5'-TCA-3" is mutated to 5'-TCG-3’ but only
RbIccl binds RAR/RXR. In Cyp2d22, replacing the G with
an A to create a consensus leads to a strong increase in
competition (Cyp2d22C, Fig. 4D, lanes 2 and 3). We ex-
changed the 3’ half site of Cyp2d22 with that of Rblccl
(i.e., changing T to G at the third position). The resulting
Cyp2d22R was a significantly better competitor than native
Cyp2d22 although less efficient than the full consensus
(lanes 2 to 4). Hence, the exact sequence of one half site

plays a critical role in compensating for mismatches in the
other half site.

A more striking example of this is found upon analysis of the
indolethylamine N-methyltransferase (Inmt) gene binding site.
At this locus, we did not find any consensus or single-mismatch
DR element. However, visual inspection identified a DRS with
two mismatches that efficiently competes in an EMSA (Fig.
4E). Inverting the 5’ and 3’ half sites (Inmt-RV) led to a
decrease in competition, showing that the mismatches are less
well tolerated in the 5 position, where RXR normally binds
(lane 4). Similarly, transforming the DRS to a DR2 also de-
creases competition (lane 5). Strikingly, however, replacing
5'-GGG-3' in the 5’ half site with 5'-AGG-3" or 5'-AGT-3’
leads to a strong reduction in competition (lanes 6 to 7), while
5'-GGT-3" competes, but less well than native 5'-GGG-3’
(lanes 3 and 8). These results show that in nonconsensus ele-
ments, mutations in one half site can be compensated for by
the exact sequence of the other half site. In the case of Inmt, a
G in the first position seems critical to compensate for muta-
tions in the second half site.

Association of RAR binding sites with other transcription
factors. Many RAR-bound loci did not contain identifiable
DRI, -2, and -5 elements but contained consensus half sites.
Multiple alignments of the regions adjacent to these half sites
did not reveal the presence of an additional consensus se-
quence for another transcription factor that would bind to-
gether with RAR/RXR (see Fig. S2A in the supplemental
material). Analysis of a larger 300 nucleotides around the
peaks identified numerous consensus sites for SP1 and AP2.
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FIG. 4. Characterization of DR-type RAR binding sites. (A to E) Competition EMSAs. EMSAs were performed using Rarbwt DRS as a
radioactively labeled probe and a 100-fold excess of the unlabeled competitor (Comp) oligonucleotides shown above each lane. The sequences of
the DRs within the oligonucleotides are indicated at the right of each panel. Mismatches with the consensus sequence are shown in red. For the
chimeric DR, a color code for each half site is used. The results of competition EMSAs and ChIP assays are summarized on the right. (F and G)
ChIP-qPCR on the indicated loci using amplicons centered on the DR element.

However, they were also commonly found in control promoter
sets and were not enriched in the RAR-bound set.

It has recently been shown in MCF?7 cells that almost 60% of
the RAR-bound loci were also bound by estrogen receptor
(ER) (21). We therefore examined the 354 RAR-bound loci
for ER binding sites by using the consensus 5'-RGGTCWnnn
WGACMY-3' (61) but identified only 3 estrogen response
elements (EREs) in the MEF data set. Similarly, Hua et al.
reported a significant overlap between RAR and FOXA1 bind-
ing sites. Using the consensus 5'-TRTTTRYWYW-3', we ob-
served 46 potential FOXAL sites. Thus, assuming that they are

all bona fide binding sites, only 12% of the RAR-bound loci
show an associated FOXAL site. Similar results were obtained
upon the analysis of 211 of the ES RAR-bound loci (see be-
low), where we found 44 potential FOXA1 sites (20%) but no
EREs.

RA regulation of target gene expression. We have identified
354 RAR-bound loci, but taking into account the divergent
promoters and genes with close neighbors, there are 383 po-
tential RA-regulated genes. Comparison with our previous
transcriptome data shows that 267 of the 383 genes were
present on the Affymetrix array, but only 48 genes were up-
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regulated and 26 were repressed by RA (Fig. 5A; see Table S1
in the supplemental material). As the transcriptome analysis
was performed after 24 h of RA treatment, we verified gene
expression to determine whether we had missed many tran-
siently regulated genes. Reverse transcription coupled to
qPCR identified several categories of genes. Rarb and Inmt are
not expressed in the absence of RA and are strongly induced
over a 24-h period (Fig. 5B). Others, such as Ctgf, show signif-
icant expression in the absence of ligand but are transiently
stimulated by RA. In contrast, genes such as Gas2 or Kit ligand
(Kitl) are repressed by RA. However, the expression of wing-
less-related MMTYV integration site 10b (Wnt10b), like that of
many other genes (data not shown), is not affected by RA.
These observations indicate that only around 27% of the
RAR-bound genes are regulated by RA in these cells under
the experimental conditions used.

We investigated several promoters more closely by using
primer pairs designed to amplify the TSS and regions located
at —2 kb and +2 kb relative to the TSS. RAR/RXR occupancy
of Rarb DRS was observed in the absence of RA and was
strongly increased after 2 to 24 h with RA (Fig. 6A). In con-
trast, Pol II was observed only in the presence of ligand. This
result differs from that observed previously in P19 cells, where
some Pol II was present at Rarb in the absence of RA (31, 46).
Interestingly, significant H3K4me3 and H3K9ac covalent his-
tone modifications tightly associated with transcriptional activ-
ity (57) were observed in the absence of RA and strongly
increased after RA treatment (Fig. 6B). Lower levels of both of
these markers were also observed downstream of the TSS.

At the Inmt promoter, RAR/RXR binding to the noncon-
sensus DRS located 4.2 kb upstream of the TSS was observed
in the absence of RA and increased by RA (Fig. 6C). No Pol
II was observed at the TSS in the absence of RA, but it was
strongly recruited in its presence. Interestingly, a minor but
significant RA-dependent recruitment of Pol II at the RAR
binding site was also observed. H3K4me3 was seen only in the
presence of RA at the TSS and in the downstream region (Fig.
6D). Thus, unlike Rarb, where H3K4me3 was seen in the ab-
sence of RA, this marker is fully RA dependent at Inmt.
H3K9ac was observed at the TSS, in the downstream region,
and also at the RAR binding site and was stimulated in each
region by RA.

We were unable to detect such striking changes at RA-
repressed promoters. At the Gas2 promoter, RAR and RXR
occupancy of the downstream DR2 element could be observed
in the absence of RA and was not altered in its presence (Fig.
6E). Pol II occupancy of this promoter was observed in the
absence of ligand, consistent with its constitutive expression;
however, no significant changes in Pol II promoter occupancy
were observed in the presence of RA. Similarly, high levels of
the H3K4me3 and H3K9ac markers were observed in the ab-
sence of RA (Fig. 6F), but a transient reduction was seen in the
presence of RA concomitant with the transient repression (Fig.

sured by qPCR and normalized to the ribosomal Rplp0 transcript. (C)
Normalized expression in ES cells in the absence or presence of RA
for the indicated times as measured by qPCR. In panels B and C, the
relative expression at each time point is shown in arbitrary units.
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FIG. 6. ChIP at RA-regulated genes. (A and B) Schematic representation of the Rarb promoter with DRS located close to the TSS. The
localization of each amplicon is shown. ChIP was performed with the antibodies indicated below the graph, GFP, RAR, RXR, Pol II, H3K4me3,
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RAR binding site is located 4.2 kb upstream of the TSS. ChIP was performed as described above. (E and F) Schematic representation of the Gas2

promoter with the DR2 located 300 bp downstream of the TSS.

5B). Thus, while the strong de novo activation is reflected by
Pol II recruitment and the appearance and/or increase of his-
tone modifications associated with transcription, at repressed
genes, only minor and transient changes were seen.
Cell-specific binding of RAR to its cognate elements. We
have previously noted that the repertoire of RA-regulated
genes in MEFs is significantly different from that observed in
other cell types such as F9 or ES cells (15). To examine the
basis for this specificity, we generated ES cells in which the
genes encoding RARa and RARYy were modified by homolo-
gous recombination to introduce a TAP tag at the C terminus

(Fig. 7A). Western blot analysis of extracts from the tagged ES
cells showed somewhat lower expression of tagged than un-
tagged RAR, probably due to the presence of the neomycin
resistance cassette in the 3’ untranslated region.

We compared duplicate tandem Flag ChIP-chip on ES cells
expressing tagged RARy to that on untagged cells to identify 462
bound loci. Among these are many previously identified genes,
such as the Rarb, caudal-type homeobox 1 (Cdx1), left-right de-
termination factor 1 (Leftyl), and pluripotency factor Pou5fl
(Oct4) genes, as well as a series of novel genes (see Table S3 and
Fig. S1B in the supplemental material). Analysis of the 211 genes
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with the sharpest peaks indicated that, as observed in MEFs, the
majority of the binding sites contained not consensus DR ele-
ments but either degenerate DRs or no identifiable DRs but
anomalously spaced consensus half sites (Fig. 7B; see Table S3 in
the supplemental material). Gene ontology analysis indicated that
the largest functional classes of target genes were related to tran-
scription regulation and proteolysis (Fig. 7C).

Comparison with MEFs showed that only 58 loci were
bound in both cell types (see Table S3 in the supplemental
material). For example, the brain serine/threonine kinase 1
(Brsk1) locus is occupied in ES cells but not in MEFs (Fig. 7D).
At the Wnt10b-Wntl locus, RAR binds to a site upstream of
the Wnt10b gene in MEFs not occupied in ES cells, whereas in

ES cells, RAR occupies a site within the Wntl gene (Fig. 7E).
Similarly, the HoxA and HoxB loci are differentially occupied
in MEFs and ES cells (see Fig. S1C in the supplemental ma-
terial). In contrast, the retinitis pigmentosa isocitrate dehydro-
genase 3 (NAD™) beta (Idh3b) locus (18) was comparably
occupied in both cell types (Fig. 7F).

These results were verified by ChIP-qPCR. In ES cells, RAR
occupancy of the Leftyl, human immunodeficiency virus type I
enhancer binding protein 3 (Hivep3; also know as Schnurri-3
[Shn3]), gastrulation brain homeobox 2 (Gbx2), Brskl1, and cell
death-inducing DNA fragmentation factor alpha subunit-like
effector A (Cidea) loci, but not of the Wnt10b and Inmt loci,
was observed (7G). In contrast, in MEFs, occupancy of the
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Inmt and Wntl10b loci was observed, but not of the Leftyl,
Gbx2, Hivep3, and Brskl1 loci, while the Rarb and Ctgf loci are
occupied in both cell types (Fig. 7G and H and 3A [discussed
above]). These results show clearly that binding of RAR to
many of its cognate elements is cell type specific.

We assessed the expression and RA regulation of several
genes in the different cell types. In ES cells, Rarb is not ex-
pressed in the absence of RA and is progressively and strongly
induced by RA (Fig. 5B and C). In contrast, Inmt is neither
expressed nor induced by RA in ES cells. Wnt10b and Gas2
were expressed at low levels in ES cells and were not regulated
by RA. Hivep3 and Wntl are strongly upregulated by RA in ES
cells, while they are neither expressed nor RA regulated in
MEFs. Gbx2 is also not RA regulated in MEFs.

Chromatin modifications at target loci. We compared the
chromatin states of these loci in the two cell types. In MEFs,
the highest level of H3K4me3 is observed at the constitutively
active Gas2 promoter, while it is strongly increased by RA at
Rarb and Inmt (Fig. 8A). In contrast, no significant H3K4me3
was observed at Hivep3 and Wnt! in the presence or absence of
RA. In ES cells, a high level of H3K4me3 was seen at Rarb that
was only mildly increased by RA (Fig. 8B). H3K4me3 was also
observed at Hivep3 and Wntl and significantly increased by
RA. In contrast, there was no H3K4me3 at Inmt in the pres-
ence or absence of RA, while at Gas2, levels were much lower
in ES cells than in MEFs. Similar results were seen for H3K9ac
(Fig. 8C and D), although it is worth noting that low but
significant levels (compared to major satellite as a negative
control) were seen at Hivep3 in MEFs and at Inmt in ES cells,
where the corresponding genes were not expressed.

In MEFs, a significantly higher level of the repressive
H3K27me3 marker was observed at Hivep3 and Wntl than at
the others (Fig. 8E). In ES cells, H3K27me3 at Rarb and
Hivep3 was decreased by RA, while it was unaffected at the
other loci (Fig. 8E). Unlike MEFs, however, the low or inactive
Gas2 and Inmt promoters did not show H3K27me3 levels sig-
nificantly higher than those of the expressed genes. In MEFs,
the Hivep3 and Wntl promoters also showed higher levels of
H3K9me3 than did the others, while in ES cells, none of the
promoters showed a high level of this marker (Fig. 8G and H).

Together, these results show that the Hivep3 and Wntl pro-
moters are in a repressed state in MEFs, suggesting that this
chromatin conformation may restrict RAR/RXR binding to
these loci. In ES cells, the Inmt locus shows no significant
H3K4me3, in agreement with the lack of its expression, and
neither this promoter nor the Gas2 promoter showed higher
levels of the repressive H3K9 and H3K27me3 markers. Thus,
these promoters are not in a repressed heterochromatin state
that would account for the lack of RAR binding in ES cells.

These results are similar, but not identical, to those obtained
in the global mapping of H3K4me3 in ES cells and MEFs in
the absence of RA (36). In this study, differential H3K4me3 at
Rarb and Inmt was observed in MEFs, but Hivep3 and Wntl
had H3K4me3, while we clearly do not detect this marker at
these loci. This perhaps reflects differences between individual
MEEF lines. In contrast, in ES cells, our results are in agree-
ment with those of Mikkelsen et al.

These observations prompted us to make a global compar-
ison of RAR binding and H3K4me3 in MEFs and ES cells. We
performed H3K4me3 ChIP-seq on our MEFs and used these
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data and the Mikkelsen ES cell data for comparison (see Table
S4 in the supplemental material). This analysis shows that the
vast majority of genes bound by RAR in MEFs show significant
H3K4me3 in the absence of RA, only a minority are in a
repressed state (Fig. 8I; see Fig. SID in the supplemental
material). Similarly, although the WntI and Hivep3 loci are in
a repressed state in MEFs, the majority of the genes bound
selectively in ES cells by RAR are in an active state in MEFs.
A similar situation exists in ES cells, where most RAR-bound
genes, whether in MEFs or in ES cells, show H3K4me3 and are
in an active state or are bivalent promoters marked by both K4
and K27 trimethylation (Fig. 8J). Together, these results indi-
cate that while the heterochromatinization in MEFs of some
genes active in ES cells may explain the loss of RAR binding,
this is not a general mechanism to account for the cell-specific
association of RAR with its binding loci.

DISCUSSION

RAR binding and gene expression. We describe the identi-
fication of 354 RAR-bound loci in the regions flanking 383
potential target genes in MEFs. These sites obviously do not
correspond to the full repertoire, as the arrays cover an ex-
tended region around the TSS and many NR binding sites are
known to be located far from their regulated genes (9, 43). For
example, we did not find sites around the EnppI-Enpp3 locus,
which is rapidly induced by RA in these cells (15). The RAR
binding sites regulating their expression may therefore be lo-
cated further upstream or downstream of the TSSs.

We initiated this study to better understand the previously
described RA-TGF-B cross talk (15). Our data confirm that
RAR binds directly to a DR2 element in the Ctgf promoter,
mediating RA induction of its expression and the resulting
autocrine growth. Furthermore, we observe RAR binding to
the gene encoding the TGF-B3 ligand, which is also strongly
induced upon RA treatment. The direct activation of these two
genes by RA is therefore central to the reported cross talk.
Aside from these two genes, the other RAR-bound compo-
nents of the TGF- pathway, with the exception of Skil, are
either weakly or not RA regulated in MEFs.

In addition to the TGF-B pathway, we observed RAR bound
to several genes involved in other pathways of cell cycle regu-
lation and transformation, such as tumor necrosis factor (li-
gand) superfamily member 13 (7nfsf13; also called APRIL, a
proliferation-inducing ligand [47]) cyclin D1 (Ccndl), metas-
tasis marker nuclear protein 1 (Nuprl), growth factor Fgfi8,
and the tyrosine kinase Src. Furthermore, RARs bind to the
gene encoding Src-related Shcl(A) and cortactin (Cttn), an
SRC substrate involved in metastasis (60). These results sug-
gest novel pathways by which RA may regulate cell prolifera-
tion and cancer. It is also striking that RARs can potentially
regulate genes involved in degenerative pathologies such as
Atxn2 and dystrophia myotonica protein kinase (Dmpk) or
Paget’s disease through sequestosome 1 (Sgstml) and tumor
necrosis factor receptor superfamily member 11b (Tnfrsf11b,
osteoprotegerin) (48). On the other hand, RARs also occupy
the regulatory regions of WNK lysine-deficient protein kinase
4 (Wnk4) and odd-skipped-related 1 (OsrI), which act together
to regulate salt transport and blood pressure (52). We also
note that RARs bind to the Rho-GTPase-encoding genes
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Rhoc, Rhod, Rhof, Rhogq, Rhobtb2, Rhobtb3, and Rnd3 (Rhoe),
as well as the downstream effector kinase gene Rock2 and the
substrate Cofilin2 (Cfln2) gene. These genes act in the path-
ways that regulate actin dynamics and vesicle trafficking. RARs
thus have the potential to control multiple cellular functions,
and it is therefore important to determine if, when, and where
RA may regulate these genes.

In ES cells, RAR is also found to occupy genes with a wide
variety of functions. In addition to Pou5F1, RAR may also
regulate other genes involved in pluripotency, such as Lin28
(45) or UtfI (44), left-right determination through Leftyl and
Lefty2, and also Ier2 (20). RAR occupies the regulatory regions
of genes encoding proteins involved in several other signaling
pathways such as Gdf3 (32) and Nodal, Notch4 and its mediator
Zfp64 (55), and the Ptchl, Glil, Zic2, and Tectonic (Tectl)
components of the sonic hedgehog pathway (50), as well as
Fgfl, Fgf4, and Fgf8. RAR regulation of one or another of
these genes and their associated pathways contributes to the
differentiation of ES cells in vitro and developmental processes
in vivo (7, 13, 33, 42).

Although our results show RAR occupancy of genes with
diverse functions, the majority of MEF RAR target genes are
not RA regulated under the conditions used. The lack of RA
response may, in some cases, be due to the fact that the genes
are already expressed and cannot be further stimulated, but in
many others, low or no basal expression is observed and yet
there is no stimulation by RA. However, some of the genes not
regulated in MEFs are RA regulated in other cell types or
tissues. For example, Gdel is RA regulated in Wilms’ tumor
cells (64), while Myc is regulated in various cell types but not in
MEFs (4). It remains to be determined whether all RAR-
bound genes can be RA regulated in the appropriate cell type
and under the appropriate conditions or whether there are
instances in which RAR is always a silent partner. The obser-
vation that only a subset of RAR-bound genes are RA regu-
lated is in keeping with what has been observed for other
transcription factors. For example, only a small subset of
CREB-bound genes are regulated by cyclic AMP (62) and only
a subset of ER-bound genes by are regulated estrogen (61).

In contrast to what may have been expected from a model in
which unliganded RAR recruits repressor complexes to silence
target genes, a large majority of genes bound by unliganded
RAR show significant H3K4me3 and expression. Although this
may be explained by heterogeneity in the cell population where
RAR is not bound in cells where the genes are active, our
results rather suggest a model where unliganded RARs ac-
tively silence only a small subset of their target genes.

Sequence diversity of RAR binding sites. Our results show
that the majority of the RAR-bound loci do not contain con-
sensus DR1, -2, or -5 elements. At the bound MEF loci, we
identified 149 potential DRs. EMSA analysis showed, however,
that the only mismatch consistently found not to affect inter-
action was 5'-TCA-3’ to 5'-TCG-3'. Taking this criterion into
account, only 27 bone fide DR elements in MEFs and 42 in ES
cells can be identified with confidence. Although elements with
other mismatches can bind RAR/RXR in vitro, we cannot
readily predict the binding properties of DRs.

A closer investigation of the MEF and ES cell bound loci
revealed that many did not contain readily identifiable DRI,
-2, or -5 elements, even considering multiple mismatches, but
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rather comprised one or several anomalously spaced consensus
half sites. There is no correlation between the presence and
absence of recognizable DR1, -2, or -5 elements and gene
regulation. Several genes with consensus DR elements are not
RA regulated in MEFs, while genes with no identified DR are
RA regulated. Furthermore, functional anomalously spaced
half sites have previously been documented (24, 49). Multiple
alignments of these half sites did not reveal the systematic
presence of cryptic half sites or the presence of a consensus
sequence for another transcription factor that would bind to-
gether with RAR/RXR. Our results therefore show that the
majority of RAR binding sites comprise either degenerate
DRs with multiple mismatches; no DR1, -2, or -5; or anoma-
lously spaced consensus half sites. A similar observation was
made for PML-RAR« binding sites, the majority of which lack
consensus DRs (19). This was ascribed to a relaxed specificity
of the PML-RAR chimera but clearly also seems to be the case
with the native RAR. Alternatively, the paucity of DR ele-
ments at the identified loci could be explained if they were not,
in fact, the primary RAR binding sites but were detected as a
consequence of DNA loop formation due to interactions be-
tween RARs bound at more distal sites and factors bound at
the proximal promoter. Formaldehyde cross linking could cap-
ture such interactions, allowing the detection of RAR at the
promoter even although the authentic binding sites are in
distal enhancer regions. Such interactions have been observed
with other NRs (9, 59).

While this work was in progress, Hua et al. reported a
significant overlap between RAR and ER binding in MCF7
breast cancer cells. In contrast, we did not find significant
numbers of palindromic EREs in the RAR-bound loci in
MEFs and no ERE:s in the 211 analyzed ES cell loci. Similarly,
we found potential FOXAL sites in only 12 to 20% of the
RAR-bound loci, much less than the 50% seen in MCF7 cells.
Our observations are similar to those recently reported for ER
binding sites in MCF7 cells (61), where, in contrast to a pre-
vious report (10), only 6 to 10% of the ER binding loci contain
FOXAT1 binding sites.

Chromatin topology contributes to cell-specific RAR occu-
pancy. Comparison of RAR-bound loci in MEFs and ES cells
indicates that the majority are occupied in a cell-specific man-
ner. We identified a subset of loci that are bound in ES cells
but are in an inactive state in MEFs that is characterized by
repressive chromatin markers and/or increased DNA methyl-
ation (our unpublished data). The compaction into a repressed
heterochromatin state may account for the absence of RAR
binding to these loci in MEFs. However, most ES cell-specific
loci are associated with genes that are expressed and marked
with H3K4me3 in MEFs. Similarly, most genes that are selec-
tively bound in MEFs are marked by H34Kme3 and/or
H3K27me3 in ES cells and are thus expressed or in a bivalent
state. Thus, while chromatin condensation may explain the lack
of RAR binding to a subset of sites in MEFs, there must be
other mechanisms that regulate the accessibility of the majority
of the loci in both MEFs and ES cells to RAR.

RA exerts distinct effects in different cell types. In ES, F9, or
HL60 cells, RA induces cell cycle arrest and differentiation (1,
37, 53). In contrast, in MEFs or hepatocytes, RA promotes cell
proliferation (15, 25, 29). It has been proposed that differential
interaction of RAR with distinct sets of coregulatory com-
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plexes may explain the observed cell-specific effects of RA
(54). Our results indicate that cell-specific binding of RAR to
its genomic sites is a major mechanism regulating the reper-
toire of target genes that can be regulated and hence the
biological effects of RA.
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